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     Black cherry (Prunus serotina Ehrh.) is one of the most valuable hardwoods for high- 
end cabinetry, furniture, architectural millwork, paneling, and veneer. However, the 
damage caused by cambial-mining insect pests triggers gummosis in black cherry, a non-
specific defense response in which resinous gum is deposited at the site of injury. The 
gum defects dramatically decrease the yield of high-quality black cherry lumber, and the 
value can be reduced by as much as 90%. The goal of this project was to optimize the 
transformation and in vitro rooting system, and to develop transgenic black cherry for 
reproductive sterility and insect pest resistance. 
     To achieve this, a TERMINAL FLOWER 1 homolog from black cherry was isolated 
and characterized as one of the strategies for gene containment. The PsTFL1 cDNA 
contained a 519 bp coding region encoding a putative protein of 172 amino acid residues 
that have high identity with TFL1 orthologs of other Prunus species. The quantitative 
polymerase chain reaction (qPCR) detected a single copy of PsTFL1 in the genome of 
black cherry genotype BC3 with two alleles. The highest mRNA level was detected in 





leaves. Transgenic Arabidopsis thaliana plants overexpressing PsTFL1 showed 
significantly delayed flowering. 
     Second, an improved Agrobacterium-mediated transformation system for the elite 
mature genotype of black cherry, BC3, was developed based on an existing protocol 
developed in our lab. The application of 15 minute vacuum infiltration, Agrobacterium 
concentration at OD600 of 1.0 or 1.5, and a 3-day co-cultivation were found to be optimal. 
Rooting of transgenic black cherry shoots was achieved at 30% using half-strength 
Murashige and Skoog medium supplemented with 2% (w/v) sucrose, 5 μM 
napthaleneacetic acid, 0.01 μM kinetin, and 0.793 mM phloroglucinol, and transgenic 
plants were successfully acclimatized. 
     Finally, three independent transgenic lines of black cherry overexpressing PsTFL1 
were obtained using the improved Agrobacterium-mediated transformation system. The 
integration of transgenes and the copy number of neomycin phosphotransferase (nptII) 
were confirmed by PCR and qPCR analysis. The expression levels of PsTFL1 in three 
35S::PsTFL1 lines were 3.7 to 5.8 -times higher than that of the wild-type, and these 
shoots were successfully rooted and acclimatized. To enhance insect pest resistance, the 
black cherry endogenous genes encoding prunasin hydrolase isoform 3 (PH3) and 
mandelonitrile lyase isoform 4 (MDL4) were inserted into the black cherry genome 
respectively, under the control of the phloem-specific promoter rolC or the CaMV 35S 
promoter. However, in the lines of 35S::mdl4-FLAG, rolC::mdl4-FLAG, and rolC::ph3-
FLAG, the mRNA level of mdl4 or ph3 was not increased. Factors that might have 





CHAPTER 1. LITERATURE REVIEW 
Summary 
     Black cherry is a valuable timber species and its value highly depends on the wood 
quality which is often threatened by insect pests. Transgenic black cherry plants that are 
more resistant to cambial-mining insects may reduce the occurrence of gummosis and 
have great economic benefits to landowners and the forest products industries utilizing 
black cherry lumber and logs. In this review, the general information about black cherry 
and the problem of gummosis were introduced. The various strategies of gene 
containment, the possibility of using cyanogenesis to enhance host resistance, and the 
current status of micropropagation, adventitious shoot regenenration, rooting, and 
Agrobacterium-mediated transformation in several Prunus species were briefly discussed. 
Although a regeneration and Agrobacterium-mediated transformation system of black 
cherry has been established, the transformation efficiency and percentage of rooting and 
survival of transgenic black cherry needs to be improved. The strategies for insect pest 
resistance and gene containment in transgenic black cherry need to be developed as well. 
The goal of this project was (1) to optimize the transformation and rooting system by 
fine-tuning various parameters, (2) to develop transgenic black cherry for reproductive 





 by increasing the level of PH or MDL in order to accelerate the release of toxic hydrogen 
cyanide. 
1.1 Black cherry 
1.1.1 Black cherry 
     Black cherry (Prunus serotina Ehrh.), also known as wild black cherry, rum cherry, 
and mountain black cherry, is the only member in the genus Prunus that is of commercial 
importance as a timber species (Maynard et al. 1991). It is native to North America and is 
widely distributed throughout the Eastern United States (Downey and Iezzoni 2000). 
There are five varieties that are usually recognized based on the height of the tree and the 
thickness of the leaves: (1) P. serotina var. eximia (Small) Little; (2) P. serotina var. 
rufula (Woot. & Standl.) McVaugh; (3) P. serotina var. virens (Woot. & Standl.) 
McVaugh; (4) P. serotina var. salicifolia (Kunth) Koehne; and (5) P. serotina var. 
serotina. Among them, P. serotina var. serotina is the most common and widespread 
variety in the eastern part of the USA and Canada (Petitpierre et al. 2009). Black cherry is 
one of the most valuable hardwoods for cabinets, furniture, veneer, architectural millwork, 
and musical instruments (Marquis 1990). However, large and high-quality trees suited for 
commercial use (belonging to var. serotina) are only found in a restricted area on the 
Allegheny Plateau of Pennsylvania, New York, and West Virginia (Hough 1965; Marquis 
1975). 
     Black cherry (subgenus Padus) is a deciduous and monoecious tree with moderate 
size. The leaves are 5 to 13 cm in length and elliptical with serrated leaf margins. Its 





and the fruits are fleshy (Bortiri et al. 2001). The fruits are acyanogenic throughout the 
developmental stages as they lack the catabolic enzymes, whereas the seeds become 
highly cyanogenic during the process of maturation with the accumulation of both the 
catabolic enzymes and cyanogenic glycosides (Swain et al. 1992). Black cherry grows 
best in areas that are cool, moist, and temperate (Gatchell 1971). Black cherry serves as a 
host to a large number of pathogens. It is susceptible to soil-borne pathogens, that are 
particularly Pythium spp. Pythium spp. have a wide host range and can cause damping-
off, root rot, and death of seedlings (Packer and Clay 2000; Reinhart et al. 2010). Packer 
and Clay (2004) reported the negative effects of this fungal pathogen on the mortality and 
growth rate of black cherry seedlings.  The fungus, Apiosporina morbosa, infects a 
variety of Prunus spp. including black cherry. It infects twigs or branches which 
eventually form rough, brown-to-black galls (black knots) on twigs and branches (Zhang 
et al. 2005). The disease severely weakens the tree, increases the potential of insect attack, 
and causes significant production loss (Barnd and Ginzel 2008). Another common 
disease on black cherry is cytospora canker caused by Cytospora leucostoma. The first 
external symptom is the production of amber-colored gum at the site of the infection 
(Rosenberger 1982).  Cankers extend with the growth of the fungus, and the infected 
twigs or branches will eventually be killed.  
     The genome of black cherry has not been sequenced and molecular genetic or 
genomic studies on this tree species are limited. Black cherry is a tetraploid (2n = 32) and 
is an allotetraploid (Potter 2011). Downey and Iezzoni (2000) investigated the genetic 
diversity of 66 black cherry accessions with simple sequence repeats (SSR) originally 





cherry (P. avium L.). Petitpierre et al. (2009) studied chloroplast DNA variation in P. 
serotina var. serotina using restriction fragment length polymorphism (RFLP) markers to 
detect its colonization routes in Europe. In addition to peach and sweet cherry, the close 
relatives of black cherry in Prunus include P. laurocerasus L. (Shaw and Small 2004), P. 
caroliniana Aiton, P. ilicifolia (Nutt.) Walp. ssp. lyonii (Eastw.) Raven, P. virginiana L., 
and European bird cherry (P. padus L.) (Bortiri et al. 2006), based on the studies of 
phylogeny of Prunus using their morphological characters and sequence data from 
nuclear internal transcribed spacer of ribosomal genes (ITS) and the chloroplast trnL-trnF 
spacer DNA. 
1.1.2 Gummosis and its control 
     As an important timber species, black cherry is threatened by the fungal pathogens, 
insect attack, mechanical wounding, and abiotic stresses that cause the deposition of gum 
in the bark. This non-specific defense mechanism called gummosis is prevalent in the 
Rosaceae family (Barnd and Ginzel 2008). The damage caused by cambial-mining insect 
pests is the major cause of gum defects. These woodborers include the peach bark beetle 
(Phloeotribus liminaris Harris), the lesser and greater peachtree borers (Synanthedon 
pictipes and S. exitiosa, respectively), and the agromyzid cambium miner (Phytobia pruni 
Gross.). Peach bark beetles, for example, make hibernating galleries in the fall and feed 
on the phloem in the spring (Kulman 1964). At the mating season in early spring, females 
make galleries and deposit eggs (Barnd and Ginzel 2008). Feeding of these pests triggers 
gummosis. Sometimes the hibernating galleries constructed by the peach bark beetles 





amount of other substances, and is believed to be induced by ethylene and jasmonic acid 
(JA) (Saniewski et al. 2006). Secretion of resinous gum in the bark largely decreases 
veneer quality of black cherry trees and their value by 90 percent (Barnd and Ginzel 
2008). The cambial-mining insects usually prefer to attack injured and weakened black 
cherry trees. However, unsuccessful attacks from these pests to healthy trees are also very 
common (Kulman 1964), which leads to the production of gum. Therefore, effective 
means of cultural control includes avoiding injury and environmental stresses, reducing 
the feeding source by minimizing freshly cut wood, trees with wounds, and infested trees. 
Application of pesticides is only effective when insects are chewing into the bark (Barnd 
and Ginzel 2008). Thus, improving the broad-spectrum host resistance of black cherry 
through genetic engineering could be a potentially effective approach. 
1.1.3 Rationale and significance of current PhD research 
     Black cherry is a valuable hardwood species of which the lumber and veneer are used 
to make a variety of wood products. Gum defects induced by insect attack as a defense 
response largely reduce the wood quality and its value. To improve the insect pest 
resistance of black cherry, genetic transformation has many advantages over conventional 
breeding especially in tree species. It enables efficient transfer of certain traits into a 
superior genotype, and avoids the long juvenile periods and complex reproductive 
characteristics. Genetic engineering in trees requires the development of an efficient in 
vitro regeneration and transformation system, and the knowledge of the genes of interest 
or the metabolic pathways. A regeneration and transformation system for black cherry 





serve as a good foundation for the transfer of genes for pest resistance and flowering 
control. In this study, the TFL1 homolog from black cherry was cloned and 
overexpressed to delay flowering for the purpose of gene containment in transgenic 
plants. I also developed a novel method for insect resistance by taking advantage of the 
natural defense system in black cherry, cyanogenesis, which could help us to understand 
more about this ancient defense mechanism and the interaction between plants and 
herbivores. This project would also be the first step to the commercial production of 
transgenic black cherry having a low occurrence of gummosis resulting from its 
resistance to insect pests. This will be beneficial to landowners and to the forest products 
industries who use black cherry lumber and logs. 
1.2 Reproductive sterility 
     The first genetically modified (GM) crop was approved for commercial production in 
1994. To date, however, the production of GM trees is still a controversial topic partly 
because their long life span makes the potential risk to the environment hard to predict. 
Therefore, gene containment needs to be achieved since transgene flow is an 
environmental concern and will likely be required by regulatory agencies regarding 
planting of transgenic trees. Various strategies for transgene containment have been 
developed, including chloroplast transformation for maternal inheritance, tissue-specific 
gene excision, approaches targeting reproductive structures or seed formation and 
germination, and RNA silencing of genes involved in floral initiation and development. 
There are a number of genes that control this process, and with their function fully 





strategies could be combined when particular caution is required to increase the 
effectiveness of containment (Lee and Natesan 2006). 
1.2.1 Strategies for transgene containment 
     Maternal inheritance 
     Maternal inheritance is the method of introducing transgenes into the plastids 
(chloroplast) to avoid gene flow through pollen transmission. Plastid inheritance in most 
of the angiosperms is maternal, although very low levels of paternal inheritance have 
been observed (Horlow et al. 1990; Ruf et al. 2007). This approach is useful for 
outcrossing species and the high level of gene expression would not induce gene 
silencing mechanisms (Hasunuma et al. 2009). Chloroplast transformation has been 
widely used for various purposes, such as resistance traits, modification of metabolic 
pathways, and pharmaceutical production (Bock 2007). For example, Kiani et al. (2013) 
recently used this strategy to express a chloroplast-targeted recombinant-Bacillus 
thuringiensis (Bt) gene Cry1Ac in cotton (Gossypium hirsutum L.) for insect resistance. 
Yabuta et al. (2012) successfully improved vitamin E quality and quantity in tobacco 
(Nicotiana tabacum cv. Xanthi) and lettuce (Lactuca sativa L. cv Green Wave) by 
overexpressing the Toc cyclase (TC) or γ-Toc methyltransferase (γ-TMT) gene and the 
TC plus γ-TMT genes as an operon in the plastid genome. Maldaner et al. (2013) used the 
lettuce plastid transformation system to express dengue virus tetra-epitope peptide 
antigen production for potential use in dengue diagnosis. Although the chloroplast 
genome is highly conserved among most land plants, the chloroplast genome sequence 





essential for chloroplast transformation to achieve efficient site-specific integration via 
homologous recombination and optimal expression of foreign genes, respectively (Clarke 
and Daniell 2011). To date, there are about 274 chloroplast genomes that have been 
completely sequenced, which greatly facilitates the development of this technique (NCBI 
Organelle Genome, http://www.ncbi.nlm.nih.gov\genome). However, peach is the only 
Prunus species that has been sequenced for its chloroplast genome.  
     Male sterility, complete sterility, and seed sterility 
     Male sterility interferes with the development of pollen. Anthers have been the target 
organ of many studies. Mariani et al. (1990) reported tissue-specific expressed chimaeric 
ribonuclease in the anthers of tobacco and oilseed rape (Brassica napus cv. ‘Drakkar’) 
plants, and pollen formation was prevented as a result of the destruction of the tapetal cell 
layer that surrounds the pollen sac. Worrall et al. (1992) reported that secretion of a 
modified vacuolar beta-1,3-glucanase from the tapetum prior to the appearance of normal 
callase acitivity in the locule could lead to premature dissolution of the callose walls 
surrounding the microsporogenous cells in tobacco. As a result, the microspores had an 
abnormally thin cell wall that lacked sculpturing and exhibited male sterility. Goetz et al. 
(2001) found that tissue-specific antisense repression of an extracellular invertase in 
tobacco could affect extracellular sucrose cleavage for supplying carbohydrates from 
phloem to pollen and cause male sterility as a result of the block of pollen formation. 
Ruiz and Daniell (2005) integrated the phaA gene encoding β-ketothiolase into the 
chloroplast genome of tobacco. This enzyme is involved in the polyhydroxybutyrate 
(PHB) synthesis pathway and the transgenic plants exhibited male sterility as a result of 





grains. Madhuri et al. (2012) developed an approach of expresssing cytotoxic harpinPss, 
an elicitor molecule of bacterial origin, in the tapetum of tobacco. HarpinPss induced a 
hypersensitive response (HR) in the tapetum and resulted in male sterility because of 
premature tapetal cell death. Sinha and Rajam (2013) down-regulated the transcripts of S-
adenosylmethionine decarboxylase (SAMDC), a key gene involved in polyamine 
biosynthesis, in tapetal tissue of tomato (Solanum lycopersicum Mill. cv. Pusa Ruby) 
using RNA interference (RNAi) silencing and obtained RNAi tomato plants with sterile 
pollen. 
     Complete sterility is accomplished when both the male and female floral organs 
(stamens and carpels) are ablated. Liu and Liu (2008) isolated the enhancer element of 
Arabidopsis AGAMOUS (AG) that drives gene expression specifically in stamens and 
carpels and fused it with a minimal 35S promoter fragment to create a tissue-specific 
promoter. By fusing this promoter with the Diphtheria toxin A (DT-A) gene coding for a 
ribosome inactivating protein or the Barnase gene coding for an extracellular 
ribonuclease, high percentage of ablation of stamens and carpels were achieved in 
transgenic Arabidopsis thaliana plants and complete sterility was obtained. Yang et al. 
(2011) used the same type of chimeric promoters in which petunia (Petunia hybrida 
cultivar V26) AG second intron/enhancer fragment was fused to 35S promoter and tested 
its application in tobacco. The expression of the β-glucuronidase gene (GUS) and DT-A 
driven by the chimeric promoter was also found to be highly-specific in the floral organs 
and this method was very effective in engineering complete sterility. Another similar 
example was reported by Liu et al. (2008) who fused the pollen-specific LAT52 and 






used these chimeric promoters to drive the expression of the DT-A gene in carpels and 
pollen tissue for gene containment.  
     Similarly, for seed sterility, seed tissues are destroyed by introducing some type of 
cytotoxic protein under the control of certain inducing mechanisms. Schernthaner et al. 
(2003) developed a repressible seed-lethal (SL) system in which gene 1, Agrobacterium 
gene for tryptophan-2-monooxygenase (iaaM) and gene 2, Agrobacterium gene for 
indole-3-acetamide hydrolase (iaaH) were transferred into tobacco plants. Coexpression 
of gene 1 and gene 2 led to overproduction of indole-3-acetic acid (IAA) in the seed and 
consequently caused inhibition of seed germination. However, gene 1 was controlled by 
the seed-specific phaseolin promoter containing a binding site for the Escherichia coli 
TET repressor (R). When the transgenic plants containing the SL construct were crossed 
with the R lines, the expression of SL was repressed in F1 plants which allowed normal 
seed formation and germination. But, once the SL lines crossed with wild-type or close 
relatives in which there was no tet R gene, the gene 1 and 2 on the SL construct would be 
expressed and cause seed lethality. 
     Transgene mitigation 
     Transgene mitigation (TM) is an approach mainly developed for crop species to 
prevent gene flow to weeds. It takes advantage of the difference of characteristics 
between crops and weeds. Basically, the gene of interest is tandemly coupled with a 
mitigating gene that would be deleterious to weeds when it is integrated into the weeds’ 
genome. Such traits include seed dormancy, seed ripening, and seed shattering. This 
harmful gene and other transgenes on the construct are considered to be tightly linked so 






the key genes involved in those processes and it only protects weeds from being 
contaminated by transgenes, but has no protection on other crop species or their relatives 
(Daniell 2002; Al-Ahmad et al. 2004). Al-Ahmad et al. (2004) transferred a dominant 
ahas
R
 gene (acetohydroxy acid synthase) conferring herbicide resistance in tandem with 
the semi-dominant mitigator dwarfing Δgai gene (gibberellic acid-insensitive) into 
tobacco. The crop-weed hybrids were suppressed when competing with wild-type weeds 
and had very low reproductive fitness, which ensured very low frequency of gene release. 
Al-Ahmad et al. (2006) tested the same construct on transgenic oilseed rape plants 
because they were volunteer weeds in following crops and could contaminate crop yield. 
When grown as a crop, the TM dwarf B. napus plants had enhanced yield, but they could 
be eliminated when competing with non-transgenic cohorts because of their low 
reproductive fitness in competition with non-transgenic tall cohorts. Lin et al. (2008) also 
used this technology to couple the herbicide resistance gene (glyphosate) and herbicide 
sensitive gene (an RNAi cassette that suppresses the expression of the bentazon 
detoxification enzyme CYP81A6) in a tandem construct to mitigate gene flow in rice 
(Oryza sativa L. ssp. japonica) and they could be selectively eliminated at 100% by 
bentazon. Kuparinen and Schurr (2008) assessed the risk of gene flow from GM trees 
with mitigation transgenes. They concluded that to reduce the risk of the break-up 
between primary and mitigation transgenes, mitigation and primary transgenes need to be 
tightly linked and various factors including genetics, local dynamics, and dispersal of GM 
and conventional varieties need to be considered for risk assessment and management of 
GM tree populations. 






     Tissue-specific gene excision 
     This system involves the use of site-specific recombinase under the control of a 
chemically inducible or tissue-specific promoter (Keenan and Stemmer 2002). For 
example, upon the activation of some chemical compound or floral promoter/seed-
specific promoter, the recombinase, such as Cre, is expressed and excises the foreign 
gene located between two recombinase sites (loxP in this case) in the entire plant, pollen, 
seeds, or the food portion. This gene deletion technology was often used to remove 
marker genes by mating with recombinase-expressing plants or co-transforming with 
recombinase-expressing constructs. However, the removal may not be complete because 
of the incomplete induction or excision, and the recombinase recognition sites flanking 
the genes would also be left in the genome (Daniell 2002). Furthermore, the transgene 
product may be degraded slowly and remain in the plant even after the excision of 
transgenes. Therefore, this technology needs to be optimized (Keenan and Stemmer 
2002). Luo et al. (2007) examined the efficiency of loxP-FRT fusion sequence as the 
recombinase recognition sites, and found that this fusion sequence together with the 
recombinase FLP or CRE showed higher average excision efficiency in pollen or seed 
than the phage CRE/loxP or yeast FLP/FRT system with many transgenic events being 
100% efficient. Moon et al. (2010) believed that removal of transgenes from pollen by 
the site-specific recombinase system was the optimal solution for gene containment 
compared to male sterility and transgene mitigation because it was more efficient, 
reliable, and applicable. They transferred a transgene excision vector containing a codon-
optimized serine resolvase CinH recombinase (CinH) under the control of a pollen-






transgene cassette was flanked by the two recognition sites (RS2) and an enhanced green 
fluorescent protein gene (eGFP) was also driven by LAT52 promoter as an indicator of 
transgene excision. Their results demonstrated that the CinH-RS2 recombination system 
was very effective in transgene excision. Petolino et al. (2010) used another system, zinc 
finger nuclease (ZFN) for transgene deletion. The tobacco plants were transformed with a 
GUS reporter gene flanked by ZFN cleavage sites and a second tobacco line was 
transformed with a ZFN gene. When crosses were made between these two homozygous 
lines, about 35% GUS-negative plants were observed among the hybrids with one 
particular cross. Although the efficiency was not as high as the recombinase system, it 
provided a new strategy for gene excision.   
     Interference with the floral-related genes 
     In addition to the application of floral tissue-specific promoters of the floral genes for 
tissue ablation, direct manipulation of the expression of genes that control initiation and 
development of inflorescence and floral organs is another approach to achieve gene 
containment. In the ABCDE model of flower organ identity, the genes that regulate the 
development of floral tissues are divided into classes of A, B, C, D, and E based on the 
regions of floral meristem where they are expressed and their functions in specifying the 
floral organ identity (Theißen 2001). Most of the floral organ identity genes belong to the 
MADS family which share highly conserved regions of about 180 base pairs encoding 
the DNA-binding domain (MADS-box) (Theissen et al. 2000).  The classic MADS-box 
floral homeotic proteins in Arabidopsis include APETALA1 (AP1), AP3, PISTILLATA 
(PI), AGAMOUS (AG), and SEPALLATA3 (SEP3) (Table 1.1). Based on the ABCDE 






abnormal development of stamens or carpels and eventually lead to the sterile phenotype. 
Yoshida et al. (2007) identified a mutant of rice which had a missense mutation in the 
class B MADS-box gene SUPERWOMAN1 (SPW1) (AP3 homolog). It led to cleistogamy 
because of altered lodicule identity and cleistogame is an efficient approach to prevent 
pollen dispersal in GM crops. Liu et al. (2010b) cloned and characterized an AG homolog 
from black cherry and made an RNAi construct with a partial PsAG gene for reproductive 
sterility by RNAi silencing of PsAG. Mitsuda et al. (2006) used Chimeric REpressor 
gene-Silencing Technology (CRES-T) in which four transcription factors AP3, AG, 
LEAFY (LFY), and AtMYB26 were fused with the modified EAR-like motif repression 
domain (SRDX), respectively and transferred separately into Arabidopsis and rice. The 
male and female sterile transgenic plants were obtained at high frequencies. Sato et al. 
(2012) also used this technology by fusing SRDX with the coding regions of rice AP3 
ortholog SPW1 and rice AG ortholog OsMADS58, respectively, and introduced the 
chimeric repressor SPW1SRDX and OsMADS58SRDX into tall fescue (Festuca 
arundinacea Schreb.). The transgenic tall fescue showed both male-sterility and 
cleistogamy, suggesting the potential use of this technology in gene containment. 
Interestingly, accumulation of AP2 could also result in transgene containment through 
production of the cleistogamous phenotype. Nair et al. (2010) reported that cleistogamous 
flowering in barley was caused by a single nucleotide change at the miR172 targeting site 
in the HvAP2 gene (an ortholog of Arabidopsis thaliana AP2) that suppressed 
microRNA-guided HvAP2 mRNA cleavage within the lodicule primordial, up-regulated 
B-class genes and led to smaller lodicule, indicating complex interactions and regulations 






     Floral meristem identity genes include AP1, LFY, CAULIFLOWER (CAL), whereas 
shoot meristem identity genes include TERMINAL FLOWER 1 (TFL1), TERMINAL 
FLOWER 2 (TFL2), and WUSCHEL (WUS) (Table 1.1). Overexpression of LFY and 
FLOWERING LOCUS T (FT) was used to produce early flowering poplar (Populus 
tremula L.) so that a faster evaluation of gene containment could be made on various 
containment strategies in transgenic trees (Hoenicka et al. 2012). The impact of AP1 
overexpression seemed more complicated than that of other genes as shown by Duan et al. 
(2010) who transformed kumquat (Fortunella crassifolia Swingle.) with Arabidopsis AP1. 
Both early-flowering and late-flowering were observed among transgenic kumquat plants, 
which may be a result of the interaction of exogenous AP1 and endogenous flowering 
genes, including LFY, FT, and TFL1. An et al. (2011) studied PtLFY, a LFY homolog in 
Populus tomentosa and successfully blocked flowering by transferring an inverted repeat 
PtLFY fragment (PtLFY-IR) which induced post-transcriptional gene silencing (PTGS). 
Zhang et al. (2011) found an Arabidopsis gain-of-function mutant wox1-D in which 
WOX1 (WUSCHEL HOMEOBOX 1) was overexpressed. The mutant plant showed a 
dwarfed phenotype, a smaller shoot apex, anther dehiscence failure, and male sterility. 
However, WUS and WUS-like WOX genes play an essential role in determining stem cell 
fate in the shoot meristem, and the interference of these genes would have a great impact 
on plant growth and development. So these are not suitable for gene manipulation.  
     Another group of proteins such as CONSTANS (CO), FT, FLOWERING LOCUS C 
(FLC), SUPPRESSOR OF OVEREXPRESSION OF CO 1 (SOC1), FD (a bZIP 
transcription factor), and SHORT VEGETATIVE PHASE (SVP) are involved in the 






long days. However, González-Schain and Suárez-López (2008) reported that potato 
(Solanum tuberosum ssp. andigena) plants constitutively expressing Arabidopsis CO 
flowered late under all photoperiodic conditions. They proposed that it was caused by its 
interference with a potato CONSTANS-LIKE (COL) protein that would presumably 
induce flowering, and previous studies showed that COL genes could have either a 
positive or negative effect on flowering. Yeoh et al. (2011) developed a controlled-
inducible flowering system in Arabidopsis for flowering control using a novel 
combination of endogenous and heterologous FT genes. First, they silenced FT with an 
artificial microRNA directed at FT (amiR-FT) and obtained plants with strongly delayed 
flowering. Then, they expressed a heterologous FT gene (FTa1) from Medicago 
truncatula under an alcohol-inducible promoter. Since FTa1 would not be targeted by the 
amiR-FT, exposure to ethanol could induce flowering whenever it was needed. Tadege et 
al. (2003) ectopically expressed the Arabidopsis FLC in rice and obtained delayed 
flowering in transgenic plants which was the result of inhibition of SOC1 expression by 
FLC. Searle et al. (2006) also reported the repression of FLC on SOC1, FD, and FT in 
Arabidopsis and the extreme delay in flowering caused by FLC. These results suggested 
that manipulation of FLC and SOC1 expression may be able to delay flowering 
dramatically. Ectopic expression of SVP from trifoliate orange (Poncirus trifoliate L. Raf.) 
in tobacco inhibited early transition of the coflorescence and prolonged coflorescence 
development (Li et al. 2010). Overexpression of SVP from Eucalyptus grandis and 
Chinese cabbage plants (Brassica campestris L. ssp. pekinensis) were able to cause late 
flowering and floral defects in Arabidopsis (Brill and Watson 2004; Lee et al. 2007), 






1.2.2 TERMINAL FLOWER 1 
     TFL1 gene functions upstream from the organ identity genes. It was first cloned from 
Arabidopsis (Ohshima et al. 1997) and has been intensively studied in many plant species 
because of its important role in regulating the vegetative to reproductive phase transition. 
TFL1 homologs have been cloned and characterized in Arabidopsis, soybean (Glycine 
max L. Merr.), cotton, and many fruit tree species including apple (Malus x domestica 
Borkh.), apricot (Prunus armeniaca L.), and peach (Prunus persica L. Batsch) (Argiriou 
et al. 2008; Liang et al. 2010; Liu et al. 2010a; Ohshima et al. 1997). It delays flowering 
and suppresses the development of the inflorescence meristem by repressing the genes 
activated by FT at the transcriptional level (Hanano and Goto 2011). Its level is also 
regulated by downstream genes in the flowering pathway, such as AP1 that belongs to 
class A genes in the ABCDE model. Like LFY and FT, TFL1 was often used to promote 
flowering and to reduce generation time in trees (Kotoda et al. 2006; Szankowski et al. 
2009; Flachowsky et al. 2012). Transgenic rice overexpressing RCN1 or RCN2, rice 
TFL1/CEN homologs showed a delay of transition to the reproductive phase and altered 
panicle structure (Nakagawa et al. 2002). TFL1 from apple and wine grape (Vitis vinifera 
L.) was introduced into Arabidopsis and was able to cause significantly delayed 
flowering (Kotoda and Wada 2005; Boss et al. 2006). Danilevskaya et al. (2010) 
generated transgenic maize (Zea mays L.) overexpressing its own TFL1-like genes and 
those transgenic plants exhibited delayed flowering and altered inflorescence architecture. 
A TFL1 homolog from black cherry has been cloned and characterized (Wang and Pijut 
2013). It has a single copy in the black cherry genome. The phylogenetic analysis of the 






species. Both of the wild-type (Col-0) and the mutant tfl1-11 Arabidopsis thaliana plants 
that overexpressed PsTFL1 showed significantly delayed flowering and abnormal floral 
structure with flower-to-shoot conversions. Therefore, TFL1 could be a potential gene for 
flowering control in transgenic black cherry.  
1.3 Cyanogenesis 
     Cyanogenesis is considered to be an ancient plant defense system that exists in more 
than 2500 plant species (Møller 2010). Black cherry is also one of the cyanogenic plant 
species. Upon tissue disruption caused by chewing insects, mix of the cyanogenic 
glycosides and compartmentalized enzymes catalyzing their degradation leads to 
liberation of the toxic gas hydrogen cyanide (HCN). Metabolic pathway of cyanogenesis 
involves two sequential steps of reaction, the conversion of cyanogenic glycoside to α-
hydroxynitrile catalyzed by β-glucosidase and the conversion of α-hydroxynitrile to HCN 
catalyzed by hydroxynitrile lyase (Selmar et al. 1989). In leaves and vascular tissues of 
black cherry, the two corresponding enzymes involved in these reactions are prunasin 
hydrolase (PH) and mandelonitrile lyase (MDL), respectively. Both genes encoding the 
PH and MDL enzymes have been cloned and characterized by Zheng and Poulton (1995) 
and Cheng and Poulton (1993), respectively, and both of them have multiple isoforms 
that have been well characterized (Hu and Poulton 1999; Zhou et al. 2002). Prunasin 
hydrolase is confined to the vacuoles of phloem parenchyma cells, whereas 
mandelonitrile lyase was observed in phloem parenchyma vacuoles in different cells than 
those containing prunasin hydrolase (Swain and Poulton 1994). The first effort to use this 






al. (2001) who transferred the entire biosynthetic pathway of the cyanogenic glucoside, 
dhurrin, from Sorghum bicolor to Arabidopsis and successfully conferred resistance to 
the flea beetle (Phyllotreta nemorum L.). Selmar et al. (1989) believed that the effective 
defense not only depends on cyanide potential (HCNp; concentration of cyanogenic 
precursors), but on the rapid release of HCN (HCNc; release rate of cyanide) as well 
(Ballhorn et al. 2010). The latter could be achieved by increasing the enzymes, β-
glucosidase and hydroxynitrile lyase (HNL), involved in cyanogenesis. Siritunga et al. 
(2004) overexpressed HNL in cassava (Manihot esculenta) and proved that the elevated 
level of HNL accelerated cyanogenesis. Narayanan et al. (2011) also overexpressed HNL 
specifically in roots of cassava and the transgenic plants had largely reduced levels of 
cyanogenic glucosides and cyanide after food processing, making it a safer food product. 
Therefore, it is promising to increase the level of the PH and MDL enzymes in black 
cherry for rapid cyanogenesis and successful protection against herbivores. However, 
Ballhorn et al. (2010) pointed out that only the generalist herbivores could be effectively 
repelled by high HCNc, while the specialist herbivores chose to consume host plants that 
had lower HCNp. Hence, it is difficult to predict whether transgenic black cherry plants 
with increased HCNp would be effective in repelling its major insect pests before feeding 
trials. 
     Another major concern of this strategy is whether those insect pests that cause 
gummosis in black cherry are susceptible to cyanide poisoning. Because some adapted 
insects are found to be able to suppress HCN production and take in the cyanogenic 
glucosides as a valuable nitrogen source (Amelot et al. 2006).  Fitzgerald (2008) reported 






inhibit the conversion of the cyanogens to cyanide sufficiently in its alkaline foregut 
environment. The eastern tent caterpillar, Malacosoma americanum Fab., was found to 
be immune to ingested or inhaled cyanide generated from black cherry leaves by 
detoxification with an unknown mechanism (Fitzgerald et al. 2002). Furthermore, some 
insect species could synthesize cyanogenic glucosides in vivo for their own defense, 
which includes the members in Coleoptera (beetles), Heteroptera (true bugs), and 
Lepidoptera (butterflies and moths) (Zagrobelny et al. 2004). However, the major 
chewing insects of black cherry, peach bark beetles (Coleoptera: Scolytidae), the lesser 
and greater peachtree borers (Lepidoptera: Sesiidae), and Agromyzid cambium miner 
(Diptera: Agromyzidae) have not been reported to be resistant to cyanide. On the other 
hand, there is supporting evidence that the larvae of the lesser peachtree borers do not 
have the ability to detoxify cyanide produced from peach tree rootstocks (Reilly et al. 
1987). In addition, Ballhorn et al. (2007) reached the conclusion that cyanide-containing 
precursors could still have negative long-term effects even on specialist herbivores that 
are adapted to feed on cyanogenic plants based on their study with the Mexican bean 
beetle (Coleoptera: Coccinellidae: Epilachna varivestis Mulsant) on lima bean. Therefore, 
this strategy may effectively enhance the host plant resistance of black cherry to its pests. 
1.4 Micropropagation, adventitious shoot regeneration, and rooting of Prunus species 
     The Prunus genus includes about 430 species of trees and shrubs throughout 
temperate regions (Vicente et al. 2011). Many of them are of high economic value and 
are cultivated globally for fruit, such as apricot, sweet cherry, plum, peach, and almond. 






features of tissue culture is that it is highly genotype-dependent and cultivar-specific, a 
great number of protocols were developed for different cultivars or genotypes. Here I will 
focus on six species of Prunus and first discuss the major research progress in 
micropropagation and adventitious shoot regeneration as it is the foundation for genetic 
engineering and modern biotechnology, followed by the review of Agrobacterium-
mediated transformation systems for each of the six species. 
     Prunus serotina Erhr. 
     Tricoli et al. (1985) first started in vitro micropropagation and rooting of mature black 
cherry trees using twigs with winter buds cultured on Murashige and Skoog (MS) 
medium (1962) supplemented with 4.44 µM benzyladenine (BA), 0.49 µM indole-3-
butyric acid (IBA), 0.29 µM gibberellic acid (GA3), and 2% sucrose. Root formation was 
induced on MS medium containing 4.9 µM IBA under continuous dark treatment 
compared to a 16-hour photoperiod. Drew et al. (1992) further tested the acclimatization 
of micropropagated black cherry plantlets by comparing their whole plantlet growth rate 
and water relations with those of half-sib seedlings. These results indicated that the 
micropropagated plantlets had lower growth rates, less leaf area, and lower relative root 
growth rate than seedlings after 8 weeks of acclimatization. But, there were no significant 
differences in total weight between the two by the third growing season.  
     The first adventitious shoot regeneration protocol using leaves of in vitro black cherry 
cultures was established by Hammatt and Grant (1998) with the aim of preparing for 
Agrobacterium-mediated transformation. Woody plant medium (WPM; Lloyd and 
McCown 1981) supplemented with 4.4 µM thidiazuron (TDZ) and 0.54 µM 






genotypes (Seedling A, PSB, 2322, 2339, and Pavia E) of black cherry than modified 
Driver and Kuniyuki (1984) walnut (DKW) medium and BA. Espinosa et al. (2006) 
tested the effects of various combinations of BA or TDZ with NAA in WPM and the 
effect of the length of dark treatment on the regeneration rate of genotypes A, D, and F. 
Thidiazuron was again found to be better than BA in shoot regeneration of black cherry. 
Adventitious shoots and nodal explant-derived stock cultures were both able to root on 
MS medium containing 2.5 µM IBA, but adventitious shoots had a lower rooting rate 
(27%) and required longer dark treatment compared to nodal explant-derived stock 
cultures. Liu and Pijut (2008) also developed a shoot regeneration system for a juvenile 
(F) and two mature (#3 and #4) genotypes of black cherry using WPM containing 4.54 or 
9.08 µM TDZ, 1.07 µM NAA, and 60 or 80 µM silver thiosulphate (STS) with a 3-week 
dark treatment. Roots were induced by a 2.5 mM IBA dip for 3 min followed by 4 days 
of dark treatment before being exposed to light for root development.  
     Prunus armeniaca L. 
     Since apricot is a very important stone fruit tree species, a number of studies have 
been conducted on the tissue culture of apricot to facilitate its genetic engineering for 
fruit quality and disease resistance (Wang et al. 2013a,b). Pérez-Tornero et al. (1999) 
established in vitro apricot cultivars from meristem tips and micropropagated in vitro 
shoots on modified Quoirin and Lepoivre (QL) medium (1977) with 0.05 µM IBA, BA, 
and GA with the concentrations depending on each genotype. Later they investigated the 
impact of different nutrient media and BA concentration on the micropropagation and 
rooting of several apricot cultivars and found that QL medium and double-strength WPM 






concentration was between 1.78 and 3.11 µM (Pérez-Tornero and Burgos 2000). Rooting 
of apricot shoots required a dark treatment. Shoots rooted well on the rooting medium 
containing 1/3 macronutrients and half-strength micronutrients, organics, vitamins, 9.8, 
19.6 or 29.4 µM IBA, 2.69 or 5.37 µM NAA, 2% sucrose, and 0.5% agar. Dipping the 
shoot tips in solutions of 22.2 or 44.4 µM BA prior to transfer to rooting medium solved 
the problem of apical necrosis after rooting. 
     Shoot regeneration through adventitious induction in apricot has been achieved from 
juvenile explants or endosperm by many research groups. Lane and Cossio (1986) 
induced adventitious shoots from cotyledons of immature apricot embryos using MS 
medium supplemented with 5 µM BA and 1 µM 2, 4-dichlorophenoxyacetic acid (2,4-D) 
and obtained 80% regeneration. Roots were initiated in half-strength MS medium with 5 
µM NAA for 4 weeks followed by transfer to a growth regulator-free medium for 3 
weeks. Pieterse (1989) regenerated apricot shoots from immature embryos using two 
different methods, but the regeneration rate was low. The first method involved using MS 
medium with 4.5 µM 2, 4-D and 0.44 µM BA for callus initiation, and regenerating 
shoots from the callus on MS medium with 1 µM 2, 4-D and 4.4 µM BA. The second 
protocol was to regenerate adventitious buds directly from the cotyledons on MS medium 
containing 1 µM 2, 4-D and 4.4 µM BA. The shoots developed roots spontaneously on 
MS medium with 4.4 µM BA and 0.49 µM IBA. Goffreda et al. (1995) obtained shoot 
regeneration from immature embryos or cotyledons of apricot on MS medium with 5 µM 
IBA. Rooting was induced after the cultures were placed in darkness for approximately 2 
weeks on WPM with 10 µM IBA. Escalettes and Dosba (1993) published the first 






explants. They used QL or half-strength MS medium supplemented with silver nitrate, 
TDZ alone or in combination with NAA. Peŕez-Tornero et al. (2000) evaluated several 
factors that affect regeneration percentage of apricot and established a more reproducible 
and efficient protocol which consisted of QL basal medium supplemented with 9 µM 
TDZ, 2.7 µM NAA, 3% sucrose, and 0.6% agar. The regeneration percentage reached 
24.3% and they suggested using young expanding leaves with the adaxial side touching 
the culture medium and maintaining them for 2 or 3 weeks in darkness. Wang et al. (2011) 
developed a protocol of adventitious shoot regeneration from hypocotyl slices of mature 
apricot seeds and achieved approximately 30% regeneration rate for all three cultivars 
tested, ‘Canino’, ‘Moniquí’, and ‘Dorada’. The shoot regeneration medium consisted of 
3/4-strength MS salts supplemented with full-strength MS vitamins, 7 µM TDZ, 0.25 µM 
IBA, 2% sucrose, and 0.7% purified agar. Later, they established a direct, versatile, and 
efficient shoot regeneration protocol from the proximal zone of mature apricot cotyledons 
(Wang et al. 2013a). The optimal shoot regeneration medium was QL basal medium 
supplemented with TDZ (4 or 8 μM) and 0.25 μM IBA in combination with 2 weeks of 
dark incubation. 
     Prunus avium L. 
     Hammatt and Grant (1997) found that micropropagated shoots of British wild cherry 
produced on MS medium with 1 mM phloroglucinol (PG), 0.49 µM IBA, 4.4 µM BA, 
and 0.29 µM GA3 were easier to root on a rooting medium supplemented with 1 mM PG. 
Muna et al. (1999) also used MS medium with 4.44 µM BA and 0.49 µM IBA for in vitro 
micropropagation of the semi-dwarfing sweet cherry, and roots were induced best in 






rapid micropropagation procedure of mature wild cherry. The highest multiplication rate 
was obtained using WPM containing 2.1 µM BA and 0.23 µM TDZ. Shoots (73%) 
rooted on half-strength WPM supplemented with 1.4 µM IBA. Shatnawi et al. (2007) 
developed an in vitro propagation protocol for sweet cherry using MS medium 
supplemented with 4.44 µM BA. To optimize the micropropagation of sweet cherry cv. 
Lapins, Ružić and Vujović (2008) tested the effect of four types of cytokinins at different 
levels on various physiological parameters. Their results showed that BA was the best for 
multiplication, but the medium containing kinetin or 6-(γ,γ-Dimethylallylamino)purine 
(2iP) could induce rooting while stimulating shoot growth. Sedlak et al. (2008) also made 
some efforts to improve the in vitro shoot proliferation of sweet cherry cv. Karesova and 
Rivan. However, they were only able to promote proliferation in Rivan with MS medium 
containing 8.88 µM BA, and the proliferation rate was still not satisfactory for large-scale 
production. Scaltsoyiannes et al. (2009) reported a micropropagation protocol for mature 
wild cherry that consisted of a modified MS medium supplemented with 4.44 µM BA 
and 0.05 µM IBA. Rooting percentage reached 100% on 1/5 MS medium supplemented 
with 9.8 µM IBA and 2% sucrose. 
     Hammatt and Grant (1998) established a regeneration protocol for wild cherry using 
furled leaf explants with the midrib cut twice transversely. Relatively low regeneration 
percentage was obtained using WPM with 0.54 µM NAA and 4.4 µM TDZ. Regeneration 
was also achieved from unfurled leaves on WPM with 4.4 or 22.2 µM TDZ. Later, they 
found that leaves 3-5 mm in length formed most shoots and the surfactant Tween-20 at 
10 mg l
-1
 increased the number of shoots per leaf and the number of positions per leaf 






regeneration from leaves of four sweet cherry cultivars on WPM supplemented with 8.88 
µM BA and 2.3 to 4.6 µM NAA, and root formation on half-strength MS medium 
containing 9.8 µM IBA or 10.8 µM NAA. Bhagwat and Lane (2004) obtained 
regeneration percentages of 71.4% and 54% for sweet cherry cv. ‘Lapins’ and 
‘Sweetheart’, respectively, using whole-leaf explants wounded by transverse cuts along 
the midrib and incubated abaxial surfaces in contact with WPM supplemented with 2.27 
or 4.54 µM TDZ plus 0.27 µM NAA. Matt and Jehle (2005) compared adventitious shoot 
regeneration from leaves and internode sections of five sweet cherry cultivars. The 
regeneration efficiency was highly genotype specific, and generally the best regeneration 
medium was DKW:WPM (1:1) or QL basal medium containing TDZ and IBA. 
Regeneration from internode sections was found to be much more efficient than from 
leaves. Feeney et al. (2007) reported a complete protocol of adventitious shoot 
regeneration of sweet cherry from four explant types which involved using MS medium 
with 3 µM BA and 1 mM PG as pretreatment, followed by half-strength MS medium 
with 3 µM BA for callus formation, and WPM with 3 µM BA for shoot induction. Canli 
and Tian (2008) achieved shoot regeneration from stored mature cotyledons on medium 
containing QL basal salts, 2.5 μM IBA, 3.6 to 7.2 μM TDZ, 2.5% sucrose, and vitamins 
combined with 10 days of dark incubation. 
     Prunus domestica L. 
     Baleriola-Lucas and Mullins (1984) established a micropropagation protocol for two 
prune cultivars that consisted of MS medium with 4.44 μM BA, 0.43 μM IBA, and 1 mM 
PG. Rooting was achieved on MS medium with 5.7 μM IAA and 1 mM PG. Vasar et al. 






leaves than those on modified MS medium with lower nitrogen concentration. BA was 
found to be able to induce shoot proliferation while shoots treated with 2iP could be 
acclimatized more easily. 
     Nowak et al. (2004) found that sucrose as a carbohydrate source was better for 
regeneration from leaf explants of ‘Węgierka Zwykła’ plum than glucose, and sucrose 
content higher than 5% led to a decrease in regeneration capacity. By sampling the sugar 
content in the medium, they found that sugar uptake in the dark period of regeneration 
was half or less than that in the second photoperiod conditions. Nowak et al. (2007) 
reported that full- or half-strength MS medium with ammonium (NH4
+
) and nitrate (NO3
–
) 
ratios of 1:2 or 1:4 resulted in higher rates of regeneration from leaf explants of 
‘Węgierka Zwykła’ plum than the medium with an excess of ammonium versus nitrate 
ions. Tian et al. (2007) studied 13 European plum varieties and found that hypocotyls 
from immature seeds had higher regeneration efficiency than those from mature seeds. 
Shoots were regenerated on MS medium containing 2.5 μM IBA and 7.5 μM TDZ. Half-
strength MS medium with 5 μM NAA and 0.01 μM kinetin was better for root induction 
than the same basal medium containing 2.5 μM IBA. Petri and Scorza (2010) reported an 
adventitious shoot regeneration protocol of 'Improved French' plum from leaf explants. 
The shoot proliferation medium for the stock plants was found to be very important in 
shoot regeneration, and MS medium with 3 μM BA and 0.25 μM IBA was used for 
regeneration. Other factors, such as the concentration of TDZ in the regeneration medium, 
the duration of dark treatment, the gelling agent, and the level of STS were all optimized 
to obtain a regeneration rate of 65%. Rooting rate was improved on full-strength MS 






containing 0.1 μM kinetin, 5 μM NAA, and 0.73 mM PG. Yao et al. (2011) found that 
WPM supplemented with 9.08 μM TDZ and 0.9 μM 2,4-D combined with 2 weeks in 
darkness was optimal for shoot regeneration from petioles of European plum ‘Tardicots’, 
and rooting rate reached 93.3% on MS medium with 4.9 μM IBA after 7 days in the dark. 
 
 
     Prunus mume Sieb. et Zucc. 
     Harada and Murai (1996) developed a shoot proliferation protocol for Japanese apricot 
consisting of WPM with 5 μM BA, 3% glucose, and solidified with 0.5 to 0.7% agar. The 
rooting medium contained WPM supplemented with 1 µM NAA, but the survival rate 
was very low after acclimatization (20% to 30%). Ning et al. (2007) obtained axillary 
shoot proliferation when nodal segments from seedlings and mature plants were cultured 
on WPM supplemented with 2.2 µM TDZ, 2.2 µM BA, and 2.5 µM IBA. Roots were 
induced using half-strength MS medium or WPM containing 2.5 or 5 µM IBA. 
     Ning and Bao (2007) reported a shoot regeneration protocol using immature 
cotyledons of Prunus mume ‘Lv’e’ and  ‘Xuemei’. The best shoot regeneration was 
obtained on half-strength MS medium containing 2.2 μM BA, 2.2 μM TDZ, and 1 μM 
IBA. The shoots rooted successfully on WPM supplemented with 5 μM IBA.  
     Prunus persica L. Batsch 
     Kalinina and Brown (2007) developed a micropropagation approach for ten Prunus 
species including peach. The shoot proliferation medium consisted of QL basal salt 
medium supplemented with 1.5% fructose, 2.2 µM BA, 2.5 µM IBA, 5.8 µM GA, and 
5.1 µM ferulic acid (trans-4hydroxy-3-methoxycinnamic acid, FA). Roots developed 
after a 4-day root induction on half-strength MS medium containing 14.2 µM IBA, 5.1 






IBA. Radmann et al. (2009) reported that QL-MS medium enriched with 8.88 µM BA 
produced good shoot proliferation in peach rootstock ‘Tsukuba 1’. But for shoot 
elongation, a reduced concentration of BA (2.22 µM) was better.  
     Mante et al. (1989) reported shoot regeneration from mature cotyledons of European 
plum and immature cotyledons of peach. Peach shoots developed on MS medium 
supplemented with 2.5 µM IBA and 5 to 10 µM TDZ, while European plum regenerated 
on MS medium supplemented with 2.5 µM IBA and 5 to 12.5 µM TDZ. Roots were 
induced from peach shoots on half-strength MS medium with 2.5 to 5 µM IBA at a rate 
of 50-70%, while roots of plum shoots were more difficult to form (20-25%) and required 
3 weeks on hormone-free medium prior to transfer to the rooting medium described 
previously. Pooler and Scorza (1995) established adventitious shoot regeneration from 
cotyledons of mature stored seeds of three peach rootstock cultivars when cultured for 3 
weeks in darkness on MS medium with 2.5% sucrose and a combination of IBA (1.25 or 
2.5 µM) and TDZ (6.25 or 12.5 µM). Seventy-percent of shoots rooted after being dipped 
in 2.5 mM IBA and transfered to half-strength MS medium supplemented with 5 µM IBA. 
Declerck and Korban (1996) reported the positive effect of glucose and TDZ at 8 to 13 
µM on callus induction of wounded leaf explants. Gentile et al. (2002) developed an 
adventitious shoot regeneration protocol from leaf explants of a juvenile and four mature 
genotypes which involved a 21-day dark treatment on medium containing BA and NAA 
for callus induction, and another 21-day light treatment for shoot regeneration on auxin-
free medium for shoot regeneration. Perez-Jimenez et al. (2012) regenerated shoots from 
the base of stems by inducing organogenic calli on MS medium containing different 






NAA for regeneration. Perez-Jimenez et al. (2013) reported an efficient protocol of callus 
induction from adult tissues of peach using WPM supplemented with 5.4 µM 2,4-D and 
4.6 µM kinetin. 
1.5 Agrobacterium-mediated transformation of Prunus species 
     Prunus serotina Ehrh. 
     An Agrobacterium-mediated transformation protocol for black cherry was reported by 
Liu and Pijut (2010) using leaf explants of an elite mature genotype. Briefly, this protocol 
involved induction of Agrobacterium virulence using acetosyringone (AS), co-cultivation 
of wounded leaf explants with Agrobacterium, and selection of putative transgenics on 
elongation medium after regeneration, similar to the protocol developed by Dolgov and 
Firsov (1999) for sour cherry (P. cerasus) using leaf discs. However, the transformation 
efficiency was only 1.2%. Therefore, the system needs to be optimized for efficient 
transfer of genes of interest into black cherry. Furthermore, the rooting percentage of 
transgenic black cherry shoots was low (37.5%) and acclimatization and survival was 
extremely difficult for rooted transgenic black cherry plantlets.  
     Prunus armeniaca L. 
     da Câmara Machado et al. (1992) developed a protocol for Agrobacterium-mediated 
transformation of apricot from cotyledons and high regeneration rate of transgenic shoots 
were obtained. The regeneration medium was MS medium supplemented with 2.5 µM 
IBA, 7.5 µM TDZ, 0.56 mM
 
myoinositol, 2% sucrose, and 0.8% purified agar. This was 
also the first report of integration of a viral coat protein gene into a fruit tree species. Petri 






origin. They tested various factors in the process of transformation to increase the 
efficiency, including the virulence of different Agrobacterium strains, the growth phase 
of the inocula, infection and co-culture duration, concentration of AS, and the effect of 
vacuum infiltration. It provided a detailed foundation of efficient transformation in 
apricot as well as in other Prunus spp. Petri et al. (2008b) reported a more complete 
protocol of stable transformation of apricot using whole leaf explants and the 
transformation efficiency was 5.6%. The regeneration medium and shoot multiplication 
medium contained QL macronutrients and DKW micronutrients, vitamins, and organic 
compounds, 3% sucrose, and 0.7% agar, but the regeneration medium consisted of 9 µM 
TDZ, 4 µM NAA, and 60 µM STS, and the shoot multiplication medium was 
supplemented with 3.1 µM BA and 0.2 µM IBA. A delay of selection and gradually 
increased concentration of antibiotics were suggested in order to obtain regenerated 
shoots (Petri et al. 2008a). López-Noguera et al. (2009) published the first report of using 
the MAT vector system (multi-auto-transformation) in a temperate fruit tree, apricot, to 
obtain marker-free transgenic plants with high efficiency. The vector combined the 
isopentenyl transferase gene (ipt) gene to promote shoot regeneration and the 
recombinase system R/RS to remove marker genes from transgenic cells after 
transformation. The regeneration percentage was 63.3% when infected shoots were 
cultured on medium containing QL macronutrients and DKW micronutrients, vitamins 
and organic compounds, 4.5 µM TDZ, 3% sucrose, and 0.7% agar. But in this system, the 
excision required 1 year for the cassette to be completely removed from all transgenic 
lines and anomalous recombination was found in 59% of the marker-free shoots. 






in apricot and published their work on using the chemical-inducible Cre-LoxP system 
(Petri et al. 2012). Addition of 3 µM β-estradiol in the medium induced elimination of 
marker and recombinase genes. Although this method still had the problem of incomplete 
DNA excision in some transgenic lines, it provided a possibility of using this system to 
obtain marker-free transgenic trees. Based on their regeneration protocol from mature 
apricot cotyledons, Wang et al. (2011) developed an efficient Agrobacterium-mediated 
transformation system using the same type of explants and the use of 10 µM 
paromomycin as the selective agent increased transformation efficiency compared to 10 
µM kanamycin. 
     Prunus avium L. 
     Piagnani (2010) tried to introduce the p35SGUSIntron binary vector carrying rolABC 
genes from Agrobacterium rhizogenes, GUS, and neomycin phosphotransferase gene 
(nptII) into the recalcitrant sweet cherry cultivar ‘Blurlat C1’. They first examined shoot 
regeneration from shoot apical portions and rooting. The percentage for both was above 
50%. However, no transgenic shoots were able to regenerate after transformation. 
     Prunus domestica L. 
     Mante et al. (1991) established the first complete protocol for Agrobacterium-
mediated transformation and regeneration of plum hypocotyl segments. They developed 
transgenic plum plants that expressed the plum pox virus coat protein (PPV-CP) gene for 
disease resistance through Agrobacterium-mediated transformation of hypocotyl slices 
(Scorza et al. 1994). Although the transformation rate was relatively low, five transgenic 






(2003) described an improved plum transformation system by early antibiotic selection at 
a high level right after co-cultivation to eliminate “escapes”, and the use of half-strength 
MS medium with 5 µM NAA and 0.01 µM kinetin to achieve 90% rooting. Mikhailov et 
al. (2004) improved regeneration of plum using leaf explants by adjusting the 
concentrations and combinations of plant growth regulators, applying explant 
pretreatment, and using the explants at the optimal physiological age, which resulted in 
80% regeneration. However, the transformation efficiency obtained from the same 
regeneration procedure was very low (Mikhailov and Dolgov 2007). Nagel et al. (2008) 
obtained three transgenic plum lines that expressed the Gastrodia antifungal protein and 
two of these showed enhanced resistance to Phytophthora root rot (PRR) caused by 
Phytophthora cinnamomi and the rootknot nematode, Meloidogyne incognita. Wang et al. 
(2009) developed transgenic plum plants that were resistant to PPV through the hairpin-
mediated RNA silencing approach. The fragment of viral RNA coding for P1 was 
constructed as inverted repeats spanned by an intron and was introduced into the plum 
genome. Fifty-percent of the transgenic lines showed resistance to PPV, which was 
attributed to post-transcriptional gene silencing. Tian et al. (2009) demonstrated that 
hygromycin as the selectable antibiotic was very effective for plum transformation with 
embryonic axes. It was found that 5 mg L
-1
 hygromycin was sufficient to select 
transgenic shoots and no escape was observed. This information was useful because for 
gene stacking by sequential retransformation, multiple selectable markers are required. 
Petri et al. (2008c) developed an efficient transformation system for plum using 
hypocotyl slices of mature seeds with an average efficiency of 25%. The protocol 






TDZ and 0.25 µM IBA, shoot elongation on MS medium with 3 µM BA, and rooting on 
MS medium with 0.1 µM kinetin and 5 µM NAA. This system was used to produce 
marker-free plum transformed with an intron-hairpin-RNA (ihpRNA) construct carrying 
the PPV-CP gene. After regeneration without selection, five transgenic lines were 
obtained and were confirmed by DNA blot analysis (Petri et al. 2011). Wang et al. 
(2013b) introduced a new selection marker gene, the Escherichia coli pmi gene encoding 
the phosphomannose isomerase enzyme, into plum because not only was it effective in 
selection of transgenic plants, but also the PMI protein was considered safer to mammals 
and the environment than marker genes for antibiotic resistance. By conducting GUS 
assay to monitor the transformation process, the appropriate concentrations of mannose 
were determined for selection and several transgenic plants were obtained from 
hypocotyl explants. 
     Prunus mume Sieb. et Zucc. 
     Gao et al. (2010) reported the first successful method of somatic embryogenesis and 
genetic transformation using immature cotyledons of Japanese apricot. The immature 
cotyledons less than 5 mm were the best material to use. The somatic embryo induction 
medium consisted of MS medium with 1 μM 2,4-D and 1 μM BA, and the somatic 
embryo propagation medium contained 0.1 μM NAA and 5 μM BA. But, the 
transformation efficiency was low and there was abnormal development of somatic 
embryos. 
     Prunus persica L. Batsch 
     Scorza et al. (1990) conducted Agrobacterium-mediated transformation of peach using 






embryogenic callus based on the callus induction protocols for different types of explants. 
However, they did not obtain any transgenic plants but transgenic embryogenic calli. This 
study was still important in establishing the standard transformation system and 
confirming transformants at a molecular level. Pérez-Clemente et al. (2005) established 
the first Agrobacterium-mediated transformation and regeneration system using embryo 
sections of mature seeds of peach. It involved sonication for 30 sec, co-cultivation for 3 
days in the dark, and regeneration on QL medium with 7.5 μM TDZ and 2.9 μM IAA, 
shoot elongation on QL medium with 4.44 μM BA, and rooting on half-strength MS 
medium with 2.3 μM IAA and 5.9 μM IBA. Padilla et al. (2006) investigated the 
combination of Agrobacterium strains, plasmids, and promoters on the transformation 
efficiency of peach using the reporter gene encoding green fluorescent protein (GFP) or 
GUS. They found that a combination of A. tumefaciens EHA105, plasmid pBIN19, and 
the CaMV35S promoter produced the highest rate of transformation based on GUS 
expression. But, the GFP expression showed lower transformation efficiency in peach 
when plasmid pLC101 and the doubleCaMV35S (dCaMV35S) promoter were used, 







Table 1.1 Major genes involved in the initiation and development of flowering in 
Arabidopsis. 
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Table 1.1 Continued. 
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CHAPTER 2.  ISOLATION AND CHARACTERIZATION OF A TERMINAL 
FLOWER 1 HOMOLOG FROM PRUNUS SEROTINA EHRH. 
Abstract 
     Flowering control is one of several strategies for gene containment of transgenic 
plants. TERMINAL FLOWER 1 (TFL1) is known to be involved in the transcriptional 
repression of genes for inflorescence development. Two TFL1 transcripts with different 3’ 
UTR were cloned from black cherry (Prunus serotina) using reverse transcription-
polymerase chain reaction (RT-PCR) and rapid amplification of cDNA ends (RACE). 
Corresponding to the two TFL1 transcripts, two PsTFL1 gene sequences, 1248 bp and 
1579 bp, were obtained and both contained the same 519 bp coding region which 
encoded a putative protein of 172 amino acid residues. The phylogenetic analysis of the 
amino acid sequences showed high identity of PsTFL1 to TFL1 orthologs of other Prunus 
species, including Yoshino cherry (Prunus x yedoensis), peach (P. persica), apricot (P. 
armeniaca), and Japanese apricot (P. mume). The qPCR detected a single copy of 
PsTFL1 gene sequences in the black cherry genome with two alleles. The gene 
expression of PsTFL1 was examined in several tissues including the stems, leaves, shoot 
tips, and vegetative and floral buds. The highest mRNA level was detected in shoot tips, 






PsTFL1 showed significantly delayed flowering. These plants also showed largely 
increased vegetative growth, plant height, number of nodes, trichome density, and the 
conversion of flower-to-shoot was observed at each node and shoot apex. 
2.1 Introduction 
     Black cherry (Prunus serotina Ehrh.), also known as wild black cherry, rum cherry, 
and mountain black cherry, is the only species in the genus Prunus that is of high 
commercial value for timber and sawlog production. The wood is valued for cabinets, 
furniture, veneer, architectural millwork, and musical instruments (Marquis 1990). 
However, the damage caused by cambium-mining insect pests, such as the peach bark 
beetle (Phloeotribus liminaris) triggers gummosis, a non-specific defensive response of 
black cherry to insect attack, pathogen infection, or stress conditions. The deposition of 
resinous gum on the bark at the site of injury reduces the veneer quality of black cherry 
wood, and can reduce the value of an entire tree by as much as 90% (Barnd and Ginzel 
2008). Genetic engineering to enhance host plant resistance offers an efficient approach 
to alleviate this problem compared to traditional breeding of trees, as it avoids the long 
juvenile period and enables transfer of traits of interest into selected genotypes (Peña and 
Séguin 2001). Gene containment must be achieved, however, since it is an environmental 
concern regarding planting of transgenic trees. In order to control flowering, a better 
understanding of the molecular mechanism of flowering in black cherry is necessary. 
     In plants, the transition from vegetative growth to reproductive growth is induced by 
various internal developmental signals and external environmental factors such as 






involved in this transition have been cloned and characterized in Arabidopsis thaliana. 
Among these genes, TERMINAL FLOWER1 (TFL1) and FLOWERING LOCUS (FT) are 
two key regulators of flowering time and inflorescence development. These genes share a 
high similarity in amino acid sequence, and both belong to the family of 
phosphatidylethanolamine-binding proteins (PEBP) that are known to be involved in the 
signaling pathways regulating cell differentiation, but they have antagonistic functions. 
TFL1 interacts with the bZIP transcription factor FD and represses the transcription of 
FD-dependent floral meristem identity genes such as APETALA1 (AP1) and AGAMOUS 
(AG), while FT was involved in the transcriptional activation of those genes by 
interacting with FD (Banfield and Brady 2000, Abe et al. 2005, Hanano and Goto 2011). 
Therefore, TFL1 suppresses the transition from juvenile- to adult-stage, whereas FT 
promotes flowering. Transcription factor LEAFY (LFY) acts in parallel with FT to 
activate downstream target genes such as AG and AP1, and AP1 positively regulates LFY 
expression, but suppresses TFL1 expression (Liljegren et al. 1999). 
     The molecular basis of flowering in trees has become an increasing focus in recent 
years because of the high economic value of some tree species. TFL1 homologous genes 
have been cloned and characterized from several tree species, including citrus (Citrus 
sinensis L. Osbeck) (Pillitteri et al. 2004), apple (Malus x domestica) and Japanese pear 
(Pyrus pyrifolia) (Esumi et al. 2005), Populus (Igasaki et al. 2008, Mohamed et al. 2010), 
and Japanese apricot (Prunus mume Sieb. et Zucc.) (Esumi et al. 2010). The function of 
these genes in delaying flowering was also confirmed, which makes it a potential gene to 






     In the present study, TFL1 homologous genes from black cherry were isolated and 
characterized. The function was examined by ectopic overexpression in Arabidopsis 
thaliana under the control of the constitutive CaMV 35S promoter, and the transgenic 
plants showed significantly delayed flowering and abnormal inflorescence architecture. 
2.2 Materials and Methods 
2.2.1 Plant materials 
     In vitro shoots of a mature elite genotype of black cherry (BC3) were maintained in 
culture as described by Liu and Pijut (2008). Plant tissues, including shoot tips, leaves, 
and stems were obtained from these in vitro shoot cultures for DNA and RNA extraction. 
Vegetative and floral buds were collected from the same clone at Martell Forest, Purdue 
University, West Lafayette, IN. 
     Wild-type Arabidopsis thaliana (ecotype Columbia-0) seeds (kindly provided by 
Zhixiang Chen, Purdue University, West Lafayette, IN) and tfl1-11 mutant (CS6235) 
seeds obtained from the Arabidopsis Biological Resource Center (ABRC) at The Ohio 
State University (Columbus, OH) were stratified for 3 days at 4 ºC to break seed 





The plants were moved into a greenhouse with long-day (LD) conditions after four 
rosette leaves had developed. 
2.2.2 Isolation of TFL1 homologous genes from Prunus serotina 
     Total RNA was extracted from the leaves of in vitro shoot cultures using the RNeasy 






DNase Treatment and Removal Kit (Ambion, USA), and the first-strand cDNA was 
synthesized with AccuScript High-Fidelity cDNA Synthesis Kit (Agilent Technologies, 
USA). Degenerate primers (Supplemental Table 2.4) designed to amplify partial TFL1 
homologous sequence from Japanese apricot (Esumi et al. 2010) were used to perform 
nested-polymerase chain reaction (PCR) to amplify partial TFL1 cDNA sequence of 
black cherry using Taq DNA polymerase (5 PRIME). The PCR product was purified with 
QIAquick Gel Extraction Kit (Qiagen), and was inserted into a pGEM-T Easy vector 
(Promega, USA) for sequencing at the Purdue University Genomic Center (West 
Lafayette, IN). Based on the partial cDNA sequence, both 5’ and 3’ inner and outer 
primers (Supplemental Table 2.4) were designed to perform 5’ rapid amplification of 
cDNA ends (RACE), and 3’ RACE reactions (FirstChoice RLM-RACE; Ambion). The 5’ 
end and 3’ end cDNA sequences were assembled to obtain the full-length cDNA 
sequence by inserting into pGEM-T Easy vector for sequencing. Two different sequences 
of 3’ UTR were obtained by 3’ RACE. PsTFL1-1 was designated as the one with longer 
3’ UTR and PsTFL1-2 as the shorter one (data not shown). The complete coding region 
of PsTFL1 was then amplified using Vent DNA polymerase (New England Biolabs, USA) 
and primers TFL1-5F and TFL1-5R (Supplemental Table 2.4). The genomic sequences of 
PsTFL1 were cloned from genomic DNA using the same primers. The gene structures 
were obtained by aligning the cDNA and genomic DNA sequences. The homologous 
genes from other plant species were searched by BLASTX based on the deduced amino 
acid sequence of PsTFL1, all the sequences were aligned by ClustalW (Larkin et al. 






neighbor-joining method in MEGA5 software (Tamura et al. 2011) based on the analysis 
of ClustalW. 
2.2.3 Determination of gene copy number 
     Gene copy number of PsTFL1 was determined by qPCR, a method that was proven to 
be as robust as Southern blot analysis in determination of gene copy number (McAndrew 
et al. 1997, De Preter et al. 2002). Mandelonitrile lyase isoform 2 (MDL2) was selected 
as a single-copy endogenous reference gene confirmed by Hu and Poulton (1999) using 
Southern blot analysis. Primers, TFL1-6F and TFL1-6R; TFL1-8F and TFL1-8R 
(Supplemental Table 2.4), were designed to amplify a common fragment shared by both 
of the sequences and a fragment contained only by PsTFL1-1 in the second intron, 
respectively (Fig. 2.1a). All the amplicon lengths were 100-120 bp. Genomic DNA from 
the leaves of black cherry was extracted using the DNeasy Plant Mini Kit (Qiagen). The 
qPCR was performed with the Stratagene Gene MX 3000 PM. Each reaction contained 
the following reagents in 20 μL: 2 μL DNA (around 100 ng), 1 μM of each primer, 10 μL 
Brilliant SYBR Green QPCR Master Mix (Agilent Technologies), and sterile water was 
added to the final volume. The cycling conditions consisted of DNA polymerase 
activation at 95 ºC for 10 min, 40 cycles at 95 ºC for 15 s and 60 ºC for 1 min, and 
followed by a melting curve analysis from 55 to 95 ºC. Each sample was replicated three 
times and the relative standard curve of the serial dilution of genomic DNA for both 
target and reference gene was constructed, and gene copy number were analyzed 






2.2.4 Transformation of Arabidopsis thaliana with 35S::PsTFL1 
     The cDNA sequence of PsTFL1 was inserted into the kanamycin-selectable binary 
vector pBI121 where the GUS gene was replaced under the control of the CaMV 35S 
promoter. The construct was then transformed into Agrobacterium tumefaciens strain 
EHA105 by heat-shock (Hofgen and Willmitzer 1988) and then introduced into the wild-
type Arabidopsis thaliana ecotype Columbia-0 and the tfl1-11 mutant using the floral dip 
method (Clough and Bent 1998). The surface disinfested progeny seeds were germinated 
on agar plates containing half-strength Murashige and Skoog medium (1962) containing 
50 mg L
-1
 kanamycin as selection agent. The plates were incubated at 25 ºC under a 16 h 




). The plants were screened for 2 to 3 weeks until six 
leaves developed, and then plants were transplanted into soil and placed in the 
greenhouse under LD conditions. Wild-type and mutant plants were germinated in soil at 
the same time as the transgenic plants were germinated, and were grown under the same 
conditions. The number of days from sowing to the formation of 1 cm-long inflorescence, 
and the number of rosette and cauline leaves at that stage were recorded. Statistical 
analyses were performed using Student’s t-test (P < 0.05). The integration of PsTFL1 in 
the transgenic plants was confirmed by PCR analysis. 
2.2.5 Expression analysis of PsTFL1 in black cherry and transgenic Arabidopsis 
     The relative expression of total PsTFL1 in the stems, leaves, shoot tips, and vegetative 
and floral buds of black cherry and in 35S::PsTFL1 Arabidopsis plants were investigated 
by RT-qPCR. Primers, TFL1-6F and TFL1-6R (Supplemental Table 2.4), were designed 






extraction and reverse transcription were conducted as described previously. Each 
reaction contained the following reagents in 20 μL: 5 μL cDNA, 1 μM of each primer, 10 
μL Brilliant SYBR Green QPCR Master Mix (Agilent Technologies), and sterile water 
was added to the final volume. The cycling conditions consisted of DNA polymerase 
activation at 95 ºC for 10 min, 40 cycles at 95 ºC for 15 s, 58 ºC for 30 s, and 72 ºC for 1 
min, and followed by a melting curve analysis from 55 to 95 ºC performed with the 
Stratagene Gene MX 3000 PM. Actin in black cherry and Arabidopsis was used as a 
reference gene to normalize the data, and each sample was replicated three times. The 
relative expression levels were calculated using the delta-delta Ct method with efficiency 
correction (Pfaffl 2001). The PsTFL1 mRNA levels in each transgenic Arabidopsis 
individual and their flowering-related traits including days to flowering and number of 
rosette and cauline leaves were plotted as x-y pairs to detect any correlation between 
them. 
2.2.6 Expression analysis of AtFT, AtTFL1, and PsTFL1 in transgenic Arabidopsis 
     Thirty transgenic Arabidopsis plants were grouped into three classes (Class I, II, or III) 
according to their inflorescence and floral architecture. Average of the relative expression 
levels of AtFT, AtTFL1, and PsTFL1 genes in the leaf tissue of the transgenic 
Arabidopsis Class I to III were quantified and compared by RT-qPCR. Leaves were 
collected from the 30 T1 plants when 1 cm inflorescences had developed. An equal 
amount of cDNA from individual plants of the same Class were combined. Primers, 
AtFT-F and AtFT-R; AtTFL1-F and AtTFL1-R; TFL1-9F and TFL1-6R (Supplemental 






gene, and TFL1-9F was designed to specifically amplify PsTFL1 without cross-
amplifying AtTFL1. Arabidopsis Actin2 was used as the reference gene. The reaction 
conditions were the same as previously described. 
2.3 Results 
2.3.1 Isolation of TFL1 homologous genes from Prunus serotina 
     Only one 5’ end cDNA sequence was obtained by 5’ RACE, whereas two 3’ end 
cDNA sequences with identical coding region, but different 3’ UTR length, were found. 
Therefore, it was assumed that there were two cDNA sequences of PsTFL1 which shared 
identical coding regions, but different UTR. Two different genomic sequences of PsTFL1 
were obtained, 1579 bp long (PsTFL1-1) and 1248 bp (PsTFL1-2), respectively. 
Sequencing analysis indicated that PsTFL1-1 had the longer 3’ UTR (data not shown). 
The alignment of cDNA and genomic sequences showed that both of the sequences 
consisted of four exons and three introns, and shared the identical exon regions (Fig. 
2.1a). Therefore, both of them contained the same 519 bp coding region which encoded a 
putative protein of 172 amino acid residues. The deduced protein sequence showed 74% 
identity with the Arabidopsis TFL1. It also contained D-P-D-x-P (70-74), a His residue at 
position 86, and G-x-H-R motifs (115-118) that were found to be highly conserved 
throughout the family of PEBP, and were believed to contribute to the conformation of 
the ligand binding site of CENTRORADIALIS (CEN), another TFL1 homolog (Banfield 
and Brady 2000) (Fig. 2.1b). The phylogenetic analysis also revealed high identity of 






Yoshino cherry (Prunus x yedoensis), peach (P. persica), apricot (P. armeniaca), and 
Japanese apricot (P. mume) which formed a sub-clade (Fig. 2.1c). 
2.3.2 Detection of PsTFL1 gene copy number 
     When using the primers targeting the common fragment of two PsTFL1 sequences, 
qPCR analysis revealed a single copy of PsTFL1 in the genome of black cherry compared 
to the single-copy gene mdl2 (Table 2.3). However, when using the primers targeting 
PsTFL1-1, only half copy was detected which further indicated that PsTFL1 had a single 
copy in the black cherry genome, and PsTFL1-1 and PsTFL1-2 are two allelic gene 
sequences with identical exon regions. The relative standard curve of the serial dilution of 
genomic DNA for both target and reference gene were shown in Fig. 2.2 a-c. 
2.3.3 Expression analysis of PsTFL1 in black cherry tissues 
     The relative expression level of total PsTFL1 was examined in the stems, leaves, shoot 
tips, and vegetative and floral buds of black cherry using RT-qPCR. The mRNA level of 
PsTFL1 in shoot tips was the highest which was 2.12-fold higher than that in the stems. 
Its level in vegetative buds was second highest and was higher than that in floral buds. 
The lowest expression level was in the leaves which was only 33% of that in the stems 
(Fig. 2.3). The protein level of TFL1 in shoot tips is critical to maintenance of juvenility 
and suppression of inflorescence development, which explained its high expression level 
in this tissue. 
2.3.4 Ectopic expression of PsTFL1 in Arabidopsis thaliana 
     The binary vector pBI121 containing 35S::PsTFL1 was constructed for the 






independent T1 transgenic plants were obtained. To verify the integration of PsTFL1 in 
the genome of these plants, PCR analysis was conducted to amplify a 519 bp fragment of 
PsTFL1 cDNA from the genomic DNA of each individual (Fig. 2.4b). Furthermore, the 
relative expression level of PsTFL1 in the leaves was also investigated by RT-qPCR (Fig. 
2.4c). The results revealed that there was no correlation between the mRNA level of 
PsTFL1 and flowering time, the mRNA level of PsTFL1 and number of rosette leaves, 
and the mRNA level of PsTFL1 and number of cauline leaves (Fig. 2.5). For example, 
the individual #30 had the most severe delay in flowering. However, its level of PsTFL1 
was relatively low compared to the rest of the transgenic individuals. This was consistent 
with what Pillitteri et al. (2004) found in transgenic Arabidopsis overexpressing CsTFL1, 
a TFL1 homolog from Citrus (Citrus sinensis L. Osbeck). In their study, no strict 
correlation between high CsTFL1 mRNA levels and severity of delay in flowering was 
observed. 
     All of the 30 T1 plants showed significantly delayed flowering and increased number 
of rosette and cauline leaves under LD conditions compared to the wild-type plants 
(Table 2.1). The extension of the vegetative stage led to increased production of rosette 
leaves, so that the number of rosette leaves was positively correlated with the delay of 
flowering. The much denser trichome distribution on the surface of the cauline leaves, 
and abnormal inflorescence architecture of the transgenic plants were also observed (Fig. 
2.6). The transgenic plants produced an increase in the number of nodes and plant height, 
and the flowers of many plants were converted into shoot-like structures (Fig. 2.6). Based 
on flowering time and inflorescence morphology, T1 plants were classified into three 






produced normal flowers. However, almost no axillary inflorescences were developed, 
and the number of nodes and cauline leaves were much more than those of the wild-type 
(Fig. 2.7). Class II plants produced 1 cm inflorescence 18.43 days later than the wild-type. 
The characteristic of single stem and increased node number was also observed in Class 
II plants, but the flowers formed shoot-like structures in which no petal, stamen, or carpel 
could be found, and leaves formed in place of petals. All Class II plants failed to form 
siliques. Class III plants showed the most significant delay in flowering (25.95-day delay) 
and the morphological change in the inflorescence was also the most dramatic in terms of 
flower-to-shoot conversions (Fig. 2.7). The single inflorescence stems were wider and the 
size of the cauline leaves were larger compared to Class I, II, and the wild-type. In 
addition, larger inflorescence meristems were produced with the sepals and petals 
replaced by leaves, and the stamens and carpel were missing. None of the Class III plants 
produced seeds. The phenotype of Class II plants seemed to be the intermediate of Class I 
and Class III plants. To further confirm the function of PsTFL1 in regulating flowering 
time, complementation analysis was conducted in a TFL1 mutant, tfl1-11. The tfl1-11 
mutant plants show early bolting with fewer rosette leaves and determinate inflorescences 
(Bradley et al. 1997). Nine independent 35S::PsTFL1/tfl1-11 transgenic Arabidopsis 
plants were obtained and all of them displayed a significant delay in flowering with 
increased number of rosette leaves compared to the tfl1-11 plants under LD conditions 
(Table 2.1; Fig. 2.6). On average, these transgenic plants produced 1 cm inflorescence at 
38 days with 18.2 rosette leaves, whereas the tfl1-11 mutants flowered at 24.8 days with 
8.5 rosette leaves. The results indicated that PsTFL1 was able to complement the 






2.3.5 Expression patterns of FT and TFL1 in transgenic Arabidopsis Class I, II, and III 
plants 
     Since the flowering time is not simply determined by the mRNA level of TFL1 as the 
results showed, the average mRNA levels of FT in the three classes of transgenic 
Arabidopsis plants were investigated, because FT is known to play a role antagonistic to 
TFL1 in inflorescence development. The FT mRNA was the highest in Class I and the 
lowest in Class III, which correlated well with the delay in flowering, even though there 
were only slight differences among them (Fig. 2.8a). The relative expression levels of 
both PsTFL1 and endogenous AtTFL1 were quantified as well. Surprisingly, the mRNA 
level of PsTFL1 was the lowest in Class III plants that had the most significant delay in 
flowering (Fig. 2.8b). But, the expression level of endogenous AtTFL1 was highest in 
Class III (Fig. 2.8c). The results indicated that the overexpression of PsTFL1 in 
Arabidopsis plants caused changes in the complex network of flowering through the 
interactions between TFL1 and the floral meristem identity genes, so that FT levels were 
influenced and the phenotype of delay in flowering was the consequence of all signals 
coordinated. 
2.4 Discussion 
2.4.1 Gene structure and sequence similarity of PsTFL1 with its orthologs 
     Two PsTFL1 sequences were cloned from the black cherry genome, which was 
consistent with the finding of two PsTFL1 cDNA sequences with slight differences in the 
3’ UTR. The alignment of the genomic and cDNA sequences showed that both genomic 






the TFL1 homologs cloned from other plant species to date. In addition to the highly 
conserved motifs that are important to the function of TFL1, PsTFL1 also contained 
His84. His84 was reported to be an important residue that surrounds the potential binding 
pocket of the protein and the function of TFL1 could be switched to that of FT when this 
residue was changed to the corresponding amino acid of FT in Arabidopsis (Hanzawa et 
al. 2005). Phylogenetic analysis showed high similarity of PsTFL1 to the homologs in 
Arabidopsis and other plant species. The qPCR analysis detected the presence of a single 
copy of TFL1 in the black cherry genome as in other Prunus species, such as P. avium, P. 
armeniaca, P. mume, and P. persica. In our study, the two alleles of PsTFL1 were 
detected with identical coding sequence and the genomic sequences shared 93% 
similarity. 
2.4.2 Functions of PsTFL1 
     TFL1 and FT are homologous genes that belong to the PEPB family and are conserved 
in monocots and dicots (Hanzawa et al. 2005). TFL1 was first cloned by T-DNA tagging 
of an Arabidopsis tfl1 mutant (Ohshima et al. 1997). In monocots, Nakagawa et al. (2002) 
analyzed the functions of rice TFL1 homologs, RCN1 and RCN2, by overexpression in 
both Arabidopsis and rice, and observed a delay of flowering and a highly branching 
phenotype. A TFL1 homolog from perennial ryegrass (Lolium perenne L.), LpTFL1, was 
isolated and characterized by Jensen et al. (2001). It was able to cause a significant delay 
of flowering in Arabidopsis plants overexpressing it, and also complemented the 
phenotype of tfl1-14 mutants. Similar results were reported in several fruit tree species as 






(Malus x domestica Borkh.) (Kotoda and Wada 2005), and Japanese apricot (Prunus 
mume Sieb. et Zucc.) (Esumi et al. 2010). In addition to the delay of flowering time, all of 
the previous studies found dramatic changes in plant architecture associated with 
mutations in TFL1. In our study, Arabidopsis plants overexpressing PsTFL1 also showed 
significantly delayed flowering in both wild-type and tfl1-11 plants. Twenty-one T1 
plants in wild-type background even exhibited severely altered inflorescence and floral 
architecture that resulted in sterility. Similar results were observed in Arabidopsis 
overexpressing FT/TFL1-like genes from Picea engelmannii x Picea glauce and Picea 
sitchensis (Klintenäs et al. 2012). Therefore, TFL1 was involved not only in the 
regulation of flowering time, but also in the development of inflorescence meristems. The 
high expression levels of PsTFL1 in shoot tips and vegetative buds of black cherry also 
supported its function in the maintenance of the vegetative stage in those tissues. 
However, the mRNA levels of PsTFL1 in individual transgenic Arabidopsis plant were 
not positively correlated with flowering time. Mohamed et al. (2010) observed a positive 
correlation between expression level of PopCEN1, a CEN-TFL1 homolog in Populus, 
and delayed spring bud flush in 35S::PopCEN1 transgenic poplar. In our study, some of 
the transgenic Arabidopsis plants had extraordinarily high level of PsTFL1, but had only 
a slight delay in flowering, which raised a question of whether all the PsTFL1 mRNA 
was translated to protein. Therefore, examination of PsTFL1 protein level in those 
individuals is necessary to correlate PsTFL1 with flowering time. 
     FT is known as one of the key transcriptional regulators on which several floral 
pathways converge to promote floral transition. FT is mainly expressed in the phloem 






and FT interact in the nucleus of the shoot apex to up-regulate the expression of AP1, 
which is also a target of LFY on AP1 (Liljegren et al. 1999). Class III transgenic 
Arabidopsis plants had the most flowering time delay. The level of FT in their leaves was 
also lower than the plants in Class I and II. This finding agrees well with the function of 
FT in promoting flowering, and was consistent with the observation that FT mRNA 
accumulation was correlated with early flowering (Kobayashi et al. 1999). It was also 
concluded that FT activity might be more important than TFL1 in the timing of flowering. 
Since TFL1 and FT have opposite functions in regulating flowering time, TFL1 
expression was expected to be highest in Class III and lowest in Class I plants. 
Surprisingly, PsTFL1 mRNA level in three classes of plants were exactly opposite to 
what was expected. Interestingly, the expression of endogenous AtTFL1 was highest in 
Class III plants. As the constitutive expression of PsTFL1 was free from transcriptional 
regulation, differences in the expression level of PsTFL1 may be a result of difference in 
transgene copy number or integration region (Pröls and Meyer 1992, Hobbs et al. 1993). 
Conti and Bradley (2007) reported that TFL1 protein had a broader distribution than the 
mRNA in the meristems and moves in both inflorescence and vegetative meristems. 
Therefore, the pattern of PsTFL1 protein in the shoot apex might be different from the 
pattern of PsTFL1 mRNA in the leaves, which requires further investigation. Therefore, 
it is not the absolute level of TFL1 mRNA, but its distribution and interaction with floral 
meristem identity genes that caused a delay in flowering. 
     In the 35S::PsTFL1 Arabidopsis plants, time to flower was closely associated with 
inflorescence and floral architecture. With few exceptions, Class I plants flowered first, 






to develop normal floral organs and set seeds, whereas Class II and III plants showed 
severe, abnormal phenotypes in which flower-to-shoot conversion at every node was 
observed. During plant growth and development, various signaling networks coordinate 
and determine meristem identity and, consequently, architectural form (Conti and 
Bradley 2007). TFL1 is obviously one of the key signals involved in this process, and 
hence its expression also strongly affects the morphology of the whole plant. The 
phenotype of flower-to-shoot conversion could be explained by the functions of TFL1 in 
repression of floral genes and maintenance of vegetative growth. Therefore, it could be 
concluded that the two PsTFL1 sequences were orthologs of Arabidopsis TFL1. 
2.5 Conclusions 
     In summary, a TFL1 homolog was isolated from black cherry and its function in 
delaying flowering and maintaining normal inflorescence architecture was characterized 
in Arabidopsis. Further work is needed to elucidate more detailed mechanisms that 
regulate the phase transition and flowering in hardwood tree species. Transgenic black 
cherry shoots containing 35S::PsTFL1 were obtained and the expression levels of 
PsTFL1 in those transgenic shoots are being evaluated. The PsTFL1-overexpressing 








Table 2.1 Flowering characteristics of transgenic Arabidopsis overexpressing PsTFL1. 
Genotype Individual 
plant  
No. of rosette 
leaves 
No. of cauline 
leaves 
Days to flowering 
Wild type (Col-0) 30 11.63 ± 0.45 2.93 ± 0.28 32.87 ± 0.37 
Tfl1-11 10   8.50 ± 0.54 1.90 ± 0.28 24.80 ± 0.49 
35S::PsTFL1/tfl1-11 9 18.22 ± 0.83 5.67 ± 0.33 38.00 ± 0.67 
35S::PsTFL1 # 1-30 24.57 ± 1.77 9.23 ± 0.64 51.57 ± 1.40 
 # 1 15 3 38 
 # 2 13 5 39 
 # 3 13 4 40 
 # 4 15 4 42 
 # 5 19 6 43 
 # 6 10 1 43 
 # 7 21 12 45 
 # 8 19 13 46 
 # 9 19 6 46 
 # 10 23 14 47 
 # 11 20 11 49 
 # 12 19 9 49 
 # 13 28 13 51 
 # 14 23 12 52 
 # 15  29 10 53 
 # 16 23 7 53 
 # 17 20 10 54 
 # 18 27 10 54 
 # 19 24 6 55 
 # 20 31 9 55 
 # 21  30 9 55 
 # 22 25 8 56 
 # 23 20 11 56 
 # 24 27 12 56 
 # 25 47 13 56 
 # 26 31 10 58 
 # 27 23 13 59 
 # 28 29 13 63 
 # 29 38 12 64 
 # 30 56 11 70 






Table 2.2 Flowering characteristics of transgenic Arabidopsis Class I, II, and III. 
Genotype Days to flowering No. of leaves No. of plants 
Wild type 32.87 ± 0.37 14.57 ± 0.56 30 
35S::PsTFL1 Class I 43.00 ± 1.25 22.00 ± 2.54 9 
35S::PsTFL1 Class II 51.30 ± 1.13 34.10 ± 1.39 10 
35S::PsTFL1 Class III 58.82 ± 1.48 43.18 ± 3.41 11 







Table 2.3 The slopes and intercepts, CT values, and the estimated copy number of the 
reference gene, MDL2, and the target genes, PsTFL1-common and PsTFL1-1. 
 Slope (S) Intercept (I) CT 4’ (X0/R0) Estimated 
No. Copies 
MDL2 -3.332 29.689 18.66 ± 0.20  4 
PsTFL1-
common 
-3.052 27.932 17.78 ± 0.06 4.152 ± 0.20 4 
PsTFL1-1 -2.892 28.299 19.48 ± 0.12 2.20 ± 0.23 2 







Supplemental Table 2.4 Primers used in this study. 
Name Primer Sequence (5’ to 3’) Purpose 
TFL1-1F ATTGGCCATGAGCTCTTTCCTTC Degenerate PCR 
TFL1-1R AACGYCTKCKRGCGGCRGTTTC Degenerate PCR 
TFL1-2F TGTYWCCTCCAAACCTAGGRTTGA Degenerate PCR 
TFL1-2R GGTTTCYCTYTGRGCRTTGAAG Degenerate PCR 
TFL1-3F TCGAGCACTGAAATGATCCCTTGA 5’ RACE outer 
TFL1-3R CATCTCATAGCTCACCACCTCTCTT 5’ RACE inner 
TFL1-4F AGGAGGAGATATGAGAACTTTCTT 3’ RACE outer 
TFL1-4R TCATGACAGACCCAGATGTTCCT 3’ RACE inner 
TFL1-5F ATGGCAAGAATGTCTGAGCCTCTGGTTGTT Full-length cDNA and gene 
isolation 
TFL1-5R CTAGCGTCTTCTAGCTGCTGTTTCTCTCTG Full-length cDNA and gene 
isolation 
TFL1-6F GCCTCTGGTTGTTGGGAGAG Expression analysis of 
PsTFL1, Copy number 
detection 
TFL1-6R GATAGAGCTCATATCCATTGCAGAC Expression analysis of 
PsTFL1, Copy number 
detection 
TFL1-7F AATAATTTCCACGAGAGA Expression analysis of 
PsTFL1-1 
TFL1-7R AGAGATACTCAGATGAGA Expression analysis of 
PsTFL1-1 
TFL1-8F TCTCATATGCGGACAGTCGGA Copy number detection of 
PsTFL1-1 














Expression analysis of 
PsTFL1 in Arabidopsis 
MDL1-F CCGCAGTAAGGGAGAAGTTATCG Copy number detection 
MDL1-R GATGATAGGTAAGACTCTGGCCCG Copy number detection 
MDL2-F GTGAAATCAACAATGTCAGCTATACTAGTA Copy number detection 
MDL2-R GCAGAGGTATTGGCAAGCGAT Copy number detection 
AtFT-F GTATGCACCAGGGTGGCG Expression analysis in 
Arabidopsis 
AtFT-R CTTCTTCCTCCGCAGCCAC Expression analysis in 
Arabidopsis 
AtTFL1-F CAAAGACGTGTTATCTTTCCTAATATCC Expression analysis in 
Arabidopsis 
AtTFL1-R CAGCGGTTTCTCTTTGTGCG Expression analysis in 
Arabidopsis 
PsActin-F ATGTTGCCCTGGACTATGAGC Expression analysis in black 
cherry 
PsActin-R CTCTCAGCTCCAATTGTGATTACTT Expression analysis in black 
cherry 
AtActin2-F CACAATCCAAGAGAGGTATTCTTACC Expression analysis in 
Arabidopsis 















Figure 2.1 Gene structure and phylogenetic analysis of a TFL1 homolog in black cherry. 
(a). Comparison of structure of two PsTFL1 gene sequences and TFL1 homologs from 
Prunus x yedoensis, Prunus persica, Prunus mume, and Prunus armeniaca. Numbers 
indicate the base pairs in the exons (black boxes) and introns (thin lines). Short lines 
indicate the two fragments amplified for gene copy number determination. (b). 
Alignment of the deduced amino acid sequences of TFL1 homologs from Prunus serotina 
and other plant species including Prunus mume (PmTFL1, BAJ14521), Prunus x 
yedoensis (PyTFL1, AEO72023), Prunus persica (PpTFL1, ADL62867), Prunus 
armeniaca (PaTFL1, ADL62862), Fragaria vesca (FvSOC1, AEO72027), Pyrus 
communis (PcTFL1-1, BAD10963), Eriobotrya japonica (EjTFL1-1, BAD10966), 
Cydonia oblonga (CoTFL1-1, BAD10964), Malus x domestica (MdTFL1, BAD06418), 
Pyracantha fortuneana (PfTFL1, AEO72026), Pyrus pyrifolia (PpTFL1-1, BAD10962), 
Spiraea cantoniensis (ScTFL1, AEO72025), Citrus trifoliate (CTRSTFL1-like, 
ABY91242), and Arabidopsis thaliana (AtTFL1, AAB41624). Lines indicate important 
motifs and a key residue of TFL1. (c). A phylogenetic tree of TFL1 homologs constructed 
by the neighbor-joining method based on the alignment results. Numbers at the nodes 








Figure 2.2 The qPCR relative standard curve of the reference gene, MDL2 (a), and the 
target genes, PsTFL1-common (b) and PsTFL1-1 (c), obtained by plotting the threshold 








Figure 2.3 Expression of PsTFL1 in various tissues of black cherry by qPCR analysis. β-
actin in black cherry was used as a reference gene. Three replicates were assayed for each 








Figure 2.4 Analysis of transgenic Arabidopsis plants overexpressing PsTFL1. (a). 
Diagram of the construct pBI121 containing 35S::PsTFL1. (b). PCR analysis of the 
integration of PsTFL1 in the genome of 30 transgenic plants. (c). The expression levels of 








Figure 2.5 Regression analysis between the mRNA level of PsTFL1 and flowering time 
(a), the mRNA level of PsTFL1 and number of rosette leaves (b), the mRNA level of 








Figure 2.6 Phenotypes of Arabidopsis Col-0 wild-type (WT), the tfl1-11 mutant, and 
transgenic plants overexpressing PsTFL1. (a). 6-wk-old WT (left) and 35S::PsTFL1 
(right; #1). (b), (c). Trichome distribution on adaxial surface of cauline leaves of WT (b) 
and 35S::PsTFL1 (c). (d), (e). Inflorescences architecture of WT (d) and 35S::PsTFL1 (e). 
(f). Floral architecture of 35S::PsTFL1 Class III plants. (g). Flower-to-shoot conversion 
observed at each node of Class II and Class III plants. (h). A 23-day-old tfl1-11 mutant 
plant with 1 cm long inflorescence. (i). A 37-day-old 35S::PsTFL1/tfl1-11 plant showed 








Figure 2.7 Phenotypes of Arabidopsis Col-0 wild-type (WT) and transgenic plants Class I, 







Figure 2.8 Relative expression levels of AtFT (a), PsTFL1 (b), and AtTFL1 (c) in 
transgenic Arabidopsis Class I, II, and III plants. Expression levels were normalized to 
AtActin2 in all cases. Three replicates were assayed for each sample and error bars 








Supplemental Figure 2.9 Standard curves of the genes in real-time PCR for expression 
analysis, including PsActin (a), PsTFL1 (b), AtActin (c), AtFT (d), and AtTFL1 (e). The 
slopes indicate the amplification efficiency of the gene and the value was used to 
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CHAPTER 3. IMPROVEMENT OF AGROBACTERIUM-MEDIATED 
TRANSFORMATION AND ROOTING OF BLACK CHERRY 
Abstract 
     An improved protocol for Agrobacterium-mediated transformation of an elite, mature 
black cherry genotype was developed. To increase transformation efficiency, vacuum 
infiltration, sonication, and a combination of the two treatments were applied during the 
co-cultivation of leaf explants with Agrobacterium tumefaciens strain EHA105 harboring 
the PsAGAMOUS (PsAG) RNAi plasmid. The effect of Agrobacterium culture density 
and co-cultivation duration on transformation efficiency were examined using EHA 105 
harboring either pBI121-mdl4 or pBI121-PsTFL1. In addition, the effect of binary 
vectors on transformation efficiency was studied. Fifteen-minute vacuum infiltration was 
found to be optimal, and produced the highest transformation efficiency of 21.7% using 
the RNAi plasmid pART27 as the binary vector containing a PsAGRNAi cassette. The 
OD600 of 1.0 and 1.5 resulted in a transformation efficiency of 5% when the construct 
pBI121-mdl4 was used for transformation. Transformation efficiency of 5% was also 
obtained from the 3-day co-cultivation using construct pBI121-PsTFL1, whereas no 
shoots regenerated after the 4-day co-cultivation. The results indicated that the binary 
vectors had an impact on transformation efficiency when the same transformation 







quantitative-PCR analysis was used to confirm the integration of transgenes and 
determine the copy number of the selectable marker gene, neomycin phosphotransferase, 
in 18 putative transgenic lines. Rooting of transgenic black cherry shoots was achieved at 
30% using half-strength Murashige and Skoog medium supplemented with 2% (w/v) 
sucrose, 5 μM napthaleneacetic acid, 0.01 μM kinetin, and 0.793 mM phloroglucinol, and 
transgenic plants were successfully acclimatized. 
3.1 Introduction 
     Black cherry (Prunus serotina Ehrh.) is the only species in the genus Prunus that is of 
commercial importance as a timber species. Distributed throughout the northeastern 
United States, it is one of the most valuable hardwoods for high-end cabinetry, furniture, 
architectural millwork, paneling, and veneer (Marquis 1990; Cassens 2007). The demand 
from the hardwood lumber mills for high quality black cherry wood is high, many of the 
best trees grow on the Allegheny Plateau of Pennsylvania, and there is an increased 
interest in establishing professionally managed plantations of improved black cherry 
genotypes. However, the damage caused by cambial-mining insect pests, such as the 
peach bark beetle (Phloeotribus liminaris), the lesser and greater peachtree borers 
(Synanthedon pictipes and S. exitiosa, respectively), and the agromyzid cambium miner 
(Phytobia pruni) triggers gummosis, a non-specific defense response prevalent in 
members of the Rosaceae. The deposition of resinous gum can decrease the value of 
affected lumber by as much as 90% (Barnd and Ginzel 2008). To alleviate this problem, 
genetic engineering offers an alternative approach to traditional breeding in trees as it 







genotypes (Peña and Séguin 2001). This could be a potentially efficient approach to 
improve the resistance of black cherry to specific pests, and eventually reduce the 
occurrence of gummosis. 
     An Agrobacterium-mediated transformation and regeneration system for black cherry 
was previously established in our lab (Liu and Pijut 2010), but the transformation 
efficiency obtained was only 1.2%. Therefore, this system needs to be improved by 
adjusting the conditions at various stages of transformation for efficient transfer of genes 
of interest into black cherry. Some factors that have been studied in other systems include 
Agrobacterium strains and binary vectors, the level of acetosyringone (AS), 
Agrobacterium suspension concentration, and the duration of inoculation and co-
cultivation (Amoah et al. 2001; Jin et al. 2005). In addition to these factors, sonication 
and vacuum infiltration are two methods that have been widely used in a number of plant 
species to help increase co-cultivation efficiency (Liu et al. 2005; Park et al. 2005; de 
Oliveira et al. 2009; Bakshi et al. 2011; Subramanyam et al. 2011), but such methods 
have not been evaluated in Prunus species. Even though transgenic black cherry shoots 
rooted in our previous report (Liu and Pijut 2010), most shoot tips and leaves died or 
deteriorated during the rooting process making acclimatization of transgenic plants 
extremely difficult. Pérez-Clemente et al. (2004) also found that rooting was very 
difficult in transgenic shoots of peach (Prunus persica L). 
     The objective of this study, was to improve the Agrobacterium-mediated 
transformation protocol of black cherry by testing several factors (sonication, vacuum 







and improve the rooting and acclimatization of transgenic plants, which would provide a 
good foundation for future genetic improvement of black cherry.  
3.2 Materials and Methods 
3.2.1 Plant materials 
     Leaf explants for transformation and regeneration were excised from in vitro shoots of 
a mature elite black cherry genotype (BC3) as described previously (Liu and Pijut 2008; 
2010). In vitro shoot cultures were maintained in Magenta
™
 GA-7 vessels on a modified 
Murashige and Skoog (MS) basal medium (1962) (M499; PhytoTechnology Laboratories, 
Shawnee Mission, KS) with organics (100 mg L
-1
 myoinositol, 0.5 mg L
-1
 nicotinic acid, 
0.5 mg L
-1
 pyridoxine HCl, 0.1 mg L
-1
 thiamine HCl, and 2 mg L
-1
 glycine) 
supplemented with  3% (w/v) sucrose, 4.44 μM 6-benzyladenine (BA), 0.49 μM indole-
3-butyric acid (IBA), 100 mg L
-1
 casein hydrolysate, 0.5 μM gibberellic acid (GA3), and 
0.7% (w/v) Bacto agar (No. 214030; Becton Dickinson, Franklin Lakes, NJ). The pH of 
the medium was adjusted to 5.7 before the addition of agar and autoclaved at 121 °C for 
20 min. Cultures were incubated at 24 ± 2 °C under a 16-h photoperiod provided by cool-




) and were transferred to fresh medium 
every 3 weeks. 
3.2.2 Binary vectors and Agrobacterium strain  
     Three binary vectors were used to test the efficiency of transformation (Fig. 3.1). An 
RNAi plasmid targeting the black cherry AGAMOUS gene (Liu and Pijut 2010; Liu et al. 







vector pBI121 containing cDNA of (R)-(+)-mandelonitrile lyase isoform 4 (mdl4) from 
black cherry (Hu and Poulton 1999) was constructed and used to test the effect of co-
cultivation duration of leaf explants with Agrobacterium. The binary vector pBI121 
containing cDNA of TERMINAL FLOWER 1 (TFL1) from black cherry (Wang and 
Pijut 2013) was used to examine the impact of Agrobacterium concentration on 
transformation efficiency. Each construct was introduced into A. tumefaciens strain 
EHA105 by heat-shock (Hofgen and Willmitzer 1988) and then used for genetic 
transformation. 
3.2.3 Agrobacterium-mediated transformation and regeneration of adventitious shoots 
     The basic procedure for transformation was conducted according to our previous 
method which involved a 12-h vir gene induction of Agrobacterium in the induction 
medium containing AS, 60 min inoculation of explants in Agrobacterium suspension with 
gentle shaking, a 3-day co-cultivation of leaf explants and Agrobacterium, 3 weeks in the 
dark, 3 days under light on regeneration medium, and five subcultures for selection on 
shoot elongation medium containing 30 mg L
-1
 kanamycin at 24 ± 2 °C under a 16-h 
photoperiod (Liu and Pijut 2010). The impact of vacuum infiltration and sonication, 
concentration of Agrobacterium suspension, and the duration of co-cultivation were 
investigated independently in each factorial. Treatments of vacuum infiltration and 
sonication were applied during the inoculation of leaf explants with Agrobacterium 
suspension. Vacuum infiltration for 0, 5, 10, or 15 min combined with sonication for 0, 
30, 60, or 90 sec were tested. The effect of Agrobacterium concentration on 







of 0.5, 1.0, 1.5, or 1.8. To test the effect of co-cultivation period, explants were co-
cultivated at either 3 or 4 days with Agrobacterium (OD600 of 1.0) on regeneration 
medium containing 100 µM AS. For each treatment, the rest of the procedures were the 
same as the existing protocol. There were three replications for each factorial, with 20 
explants per replication. The kanamycin-resistant shoots were identified as transgenic 
shoots by polymerase chain reaction (PCR) analysis. Transformation efficiency was 
calculated as the number of callus that formed transgenic shoots relative to the initial 
number of leaf explants per treatment. 
3.2.4 Polymerase chain reaction and copy number determination of transgenic plant 
lines 
     Genomic DNA of all regenerated shoots was isolated using the CTAB method 
(Murray and Thompson 1980) and PCR analysis was conducted for the marker gene 
neomycin phosphotransferase (nptII) and the gene of interest in each construct. Primers 
5’-AAT ATC ACG GGT AGC CAA CG -3’ and 5’- TGC TCC TGC CGA GAA AGT 
AT-3’ were used to amplify a 364 bp fragment of the nptII gene. Primers 5’-TGA AAA 
TAG TTC CGA GAG TCA AGC TTA GGC -3’ and 5’- GGC GTC TAG AAA GAA 
ACA ATT GAG AGG TAC -3’ were designed to amplify a 450 bp fragment of PsAG. 
Primers 5’-ATG GAG AAA TCA ACA ATG TCA GCT GTA GTA TTG GTG TTG 
AAC CTT TTG GTC CTT CAT CTT CAA TAT TCA GAG GTT CAC TCG CTT GCC 
AAT ACT TCT TCT GAG-3’ and 5’-TTA AAA AGC AAA GGA TAA TGC TGA CTT 
CAG GGA ATC CAT A-3’ amplified the 1515-bp mdl4 gene. Primers 5’-ATG TGA 







TTC TCT CTG-3’ were used to amplify the 1725-bp CaMV 35S promoter and PsTFL1 
cDNA. Each reaction contained the following reagents in 50 μL: 1 μL genomic DNA 
(20-100 ng), 1 μL 10 μM of each primer, 5 μL 10 x PCR buffer (Clontech, Mountain 
View, CA), 1 μL dNTPs, 1 μL 50x Advantage 2 Polymerase Mix (Clontech), and sterile 
water was added to make final volume. The cycling conditions consisted of a 
denaturating step at 95 ºC for 3 min, 30 cycles at 95 ºC for 15 s, annealing for 40 sec, 
elongation for 30 s - 2 min at 68 ºC, and followed by a final extension at 68 ºC for 3 min. 
The annealing temperature was determined based on the Tm value of the respective 
primers. After electrophoresis in 1% (w/v) agarose gels, PCR products were visualized 
under UV light. 
     Transgene copy number for nptII was determined by quantitative- PCR (qPCR), a 
method that was proven to be as robust as Southern blot analysis in determination of gene 
copy number (De Preter et al. 2002). Black cherry mandelonitrile lyase isoform 2 (MDL2) 
was selected as a single-copy endogenous reference gene, confirmed by Hu and Poulton 
(1999) using Southern blot analysis. Genomic DNA from the leaves of transgenic black 
cherry plant lines was extracted using the DNeasy Plant Mini Kit (Qiagen, Valencia, CA). 
Primers 5’-TTG CTC CTG CCG AGA AAG TAT CCA-3’ and 5’-CGA TGT TTC GCT 
TGG TGG TCG AAT-3’ were designed to amplify a 100 bp fragment of nptII transgene. 
The qPCR was performed with the Stratagene Gene MX 3000 PM. Each reaction 
contained the following reagents in 20 μL: 2 μL DNA (approximately 100 ng), 1 μM of 
each primer, 10 μL Brilliant SYBR Green QPCR Master Mix (Agilent Technologies, 
Santa Clara, CA), and sterile water was added to make final volume. The cycling 







ºC for 15 s and 60 ºC for 1 min, and followed by a melting curve analysis from 55 to 95 
ºC. Each sample was replicated three times and the relative standard curve of the serial 
dilution of genomic DNA for both target and reference genes were constructed. 
Transgene copy number in 18 independent lines was analyzed following the calculation 
reported by Weng et al. (2004). 
3.2.5 Rooting and acclimatization of transgenic shoots 
     Robust transgenic shoots verified by PCR analysis were selected for rooting trials, 
including lines of 35S::PsAGRNAi, 35S::PsTFL1, and rolC::mdl4. Rooting efficiency of 
transgenic shoots was tested on half-strength MS medium supplemented with 5 μM 
naphthalene acetic acid (NAA), 0.01 or 0.1 μM kinetin, phloroglucinol (PG) at 0.793 mM, 
1.586 mM, or 2.379 mM, 2% (w/v) sucrose, and 0.7% Bacto agar in Magenta
™
 GA-7 
vessels. Shoots, 2-3 cm in length, were excised and transferred to the various media 
treatments.  Cultures were placed in the dark for 5 days before being exposed to a 16-h 
photoperiod. Each treatment was replicated three times with 10 shoots per replicate. The 
number of roots, root length, and percent rooting were recorded after 6 weeks. After 6 
weeks, any unrooted shoots were transferred to fresh rooting treatment medium for 
continuous root induction. 
     Transgenic plants with a shoot and root system were rinsed in distilled water to 
remove residual agar and transferred to 10-cm x 9-cm
 
plastic pots containing a moist, 
autoclaved potting mix (Fafard Growing Mix, Agawam, MA) containing 63-73% 
Canadian sphagnum peat moss, perlite, vermiculite, and dolomite lime. Rooted plantlets 











), with four 
holes punched below the zip-lock for gas exchange. Plantlets were watered as needed and 
gradually acclimatized (opening of the bags) over a period of 2 weeks. The plantlets that 
showed slow growth were stored at 4 °C in the dark for 4 months, and then exposed to a 




) at 24 ± 2 °C. 
3.2.6 Statistical analysis 
     Data were analyzed with an analysis of variance (ANOVA) using the ANOVA 
procedure in SAS, Version 9.2 (SAS Institute 1999). Tukey’s test was applied to 
distinguish significant differences between treatments at α = 0.05. 
3.3 Results and Discussion 
     Agrobacterium-mediated transformation has been widely used in higher plants. The 
effects of various factors involved in this method have also been studied by many 
research groups. However, the efficiency of gene transfer needs to be optimized for each 
plant species because of differences in the types of explant tissues used, and the response 
to Agrobacterium-mediated transformation and regeneration. In this study, we evaluated 
factors including the conditions of inoculation and co-cultivation, Agrobacterium density 
in inoculum, and plasmid vector in order to improve the transformation system of black 
cherry. 
3.3.1 Effect of vacuum infiltration and sonication 
     The combinations of 0, 30, 60, or 90 sec sonication and 0, 5, 10, or 15 min vacuum 







increased the transformation rate (6.7%), but when combined with vacuum infiltration, 
the rate decreased. Vacuum infiltration for 15 min resulted in the highest transformation 
efficiency (21.7%), and the highest number of transgenic shoots regenerated per explant 
(Table 3.1). The combination of sonication and vacuum infiltration resulted in a lower 
regeneration rate, and thus lower transformation efficiency. This may result from the 
damage to the leaf explants after both treatments were applied. Vacuum infiltration has 
long been used to increase transformation efficiency in many plant species and is known 
to improve penetration of Agrobacterium cells into the plant tissue layers (Subramanyam 
et al. 2011), whereas sonication creates small channels on the tissue and facilitates 
Agrobacterium cells to enter into internal plant tissues (Trick and Finer 1997). In addition, 
the micro-wounding created by sonication may release more phenolic compounds to 
stimulate the virulence of Agrobacterium (de Oliveira et al. 2009). Liu et al. (2005) found 
that the combination of 5 min sonication and 5 min vacuum infiltration resulted in the 
highest transformation efficiency in Agrobacterium-mediated transformation of 
germinating kidney bean seeds. It was possible that the combination of both treatments 
improved transformation when thicker tissue explants were used. For leaf explants of 
black cherry, this double treatment caused more injury and decreased the regeneration 
ability. 
3.3.2 Effect of Agrobacterium concentration and co-cultivation duration 
     Agrobacterium concentration for inoculation is another factor that could influence 
transformation efficiency. Although an OD600 of 1.0 or 1.5 produced higher efficiency 







was consistent with that reported by Amoah et al. (2001) who discovered that an OD600 in 
the range of 1.0 to 1.5 was optimal, and further increase of cell density led to reduction in 
transformation efficiency of wheat (Triticum aestivum L.). In contrast, increased transient 
gene expression levels were observed in Arabidopsis seedlings following infiltration with 
Agrobacterium when cultured at OD600 of 2 was used (Marion et al. 2008). De Clercq et 
al. (2002) tested an OD600 of 1.6 to 2.4, and found it had a detrimental effect on explant 
survival of tepary bean (Phaseolus acutifolius). 
     Co-cultivation duration has also been one of the factors evaluated for optimization of 
transformation (Xing et al. 2007; Dutt and Grosser 2009; Yang et al. 2010). Duration 
usually ranges from 2- to 4-days, and a longer period of co-cultivation was reported to 
have a positive impact, but it varies among different species and may also lead to 
Agrobacterium overgrowth. Our results showed that a 3-day co-cultivation produced 5% 
transformation efficiency when the construct pBI121-mdl4 was used, whereas no shoots 
regenerated after 4 days of co-cultivation. Similar results were observed when other 
vectors were used (data not shown). It was hypothesized that when inoculation intensity 
was beyond a threshold value, it would result in a decrease in plant cell viability (Amoah 
et al. 2001). Wu et al. (2003) found that a longer co-cultivation period could reduce the 
capacity of wheat immature embryos to form callus and regenerate. In summary, 
Agrobacterium density and co-cultivation duration did not substantially affect 







3.3.3 Effect of different plasmid vectors 
     Three different constructs including pART27-PsAGRNAi, pBI121-mdl4, and pBI121-
PsTFL1 were used for black cherry transformation. The effect of plasmid vector on 
transformation efficiency was evaluated when all other conditions in the transformation 
process were kept the same. It was observed that other conditions being the same, a 
higher transformation efficiency was observed with the use of pART27-PsAGRNAi 
(21.7%) compared to pBI121-mdl4 or pBI121-PsTFL1 (5% each), indicating that the 
vectors may have a strong impact on T-DNA delivery (Table 3.3). This difference of 
various vectors in T-DNA delivery was also reported by Amoah et al. (2001) in their 
study of wheat transformation, and the size and organization of the T-DNA region was 
thought to contribute to the difference in its mobility and delivery. In addition, the ability 
of vectors to deliver T-DNA was also considered to be explant specific. In our study, the 
binary vector pART27 was more efficient in delivering T-DNA into black cherry leaf 
tissues than the vector pBI121. The copy number of both pART27 and pBI121 in 
Agrobacterium was low and both of these were larger than 10 kb. But, the size of 
pART27 was smaller than pBI121, which might be the reason for the higher efficiency of 
pART27 than pBI121. 
3.3.4 Confirmation of transgene integration 
     A total of 18 independent transgenic black cherry lines, including six lines of 
pART27-PsAGRNAi, pBI121-PsTFL1, and pBI121-mdl4, respectively, were propagated 
for further examination. PCR and qPCR analysis was conducted to confirm the presence 







each transgenic line (Fig. 3.2). The copy number of nptII of the 18 transgenic lines was 
determined by qPCR (Table 3.4) with the calculation based on the standard curve of both 
target and reference genes (Fig. 3.3). Among the 18 independent lines, four contained a 
single copy of nptII, while five lines were chimeric, and nine lines had a copy number of 
nptII ranging from two to 12 in their genome. The formation of chimeras after 
Agrobacterium-mediated transformation has been reported (Charity et al. 2002; de 
Oliveria et al. 2009). In these studies, PCR analysis detected the presence of the 
transgene, but Southern blot analysis showed negative results. Although compared to 
particle bombardment, Agrobacterium-mediated transformation was thought to produce 
transformants with lower transgene copy number, but the integration of multiple 
transgene copies using Agrobacterium-mediated transformation has also been reported. 
Abou-Alaiwi et al. (2012) observed three or more inserts of the transgene in the 
transgenic Centaurea montana (mountain bluet). Zhang et al. (2010) also reported that 
high transgene copy number in transgenic Cattleya orchid was obtained using 
Agrobacterium-mediated transformation. Single-copy transformants are desirable 
because of the stable and predictable expression manner. But, it is still not clear whether 
the copy number of the transgene is related to any factors, such as inoculation intensity, 
and future efforts are needed to address this problem. 
3.3.5 Rooting and acclimatization of transgenic shoots 
     Although successful rooting and acclimatization of transgenic black cherry shoots has 
been achieved at a very low level, this step in the process needs to be achieved to produce 







using various protocols (Padilla et al. 2003; Espinosa et al. 2006; Du and Pijut 2008; Liu 
and Pijut 2010). Further, the combination of IBA at 2.5, 4.9, 7.4, or 9.8 µM and NAA at 
2.7, 5.4, or 8.1 µM were also examined for rooting. However, the shoots only responded 
to the rooting medium containing 5 µM NAA and 0.01 µM kinetin, while the rooting rate 
obtained from the rest of the protocols was either zero or very low (data not shown). 
Therefore, the combination of NAA and kinetin was the best plant growth regulators for 
inducing roots on transgenic black cherry shoots, and a preliminary experiment was 
designed to test the rooting percentage on medium containing 2.5, 5, or 7.5 µM NAA and 
0.01 µM kinetin. As a result, 5 µM NAA was confirmed to be the optimal level (data not 
shown). Padilla et al. (2003) used 5 µM NAA and 0.01 µM kinetin in the culture medium 
for rooting of transgenic plum shoots (Prunus domestica L.), with 90% rooting and 
acclimatization. Petri et al. (2008) obtained rooting of transgenic plum when using the 
rooting medium of 5 µM NAA and 0.1 µM kinetin. Our preliminary data showed that 
compared to other rooting treatments, 5 µM NAA and 0.01 or 0.1 µM kinetin induced 
root formation of transgenic black cherry shoots after 5 days of dark treatment, with this 
dark treatment being essential for root formation. Zimmerman (1984) reported that 4- to 
7-days of dark treatment applied at the beginning of the rooting stage was effective in 
stimulating rooting of 'Delicious' apple (Malus domestica Borkh.). Druart et al. (1982) 
observed the changes in endogenous phenolic levels and peroxidase activity induced by 
darkness. The phenolics might serve as antioxidants to protect auxins from oxidation 
during the root formation phase (Fett-Neto et al. 2001). 
     Phloroglucinol is a novel substance reported to stimulate root formation in plant tissue 







(da Silva et al. 2013). It has been applied to enhance rooting of several Prunus species, 
including wild cherry (Prunus avium L.) (Hammatt and Grant 1997), European plum 
(Prunus domestica) (Petri and Scorza 2010), and Chinese plum (Prunus salicina) (Zou 
2010). It was observed in our study that the rooting rate of transgenic black cherry was 
higher in medium supplemented with PG (data not shown). After 6 weeks, 30% 
transgenic shoots developed roots in half-strength MS medium supplemented with 2% 
(w/v) sucrose, 5 μM NAA, 0.01 μM kinetin, and 0.793 mM PG with 5 days of dark 
treatment before being exposed to light, while there was only 10% rooting in medium 
containing 0.1 μM kinetin (Table 3.5). In addition, after the initial 6 week rooting period, 
when unrooted shoots were transferred to fresh rooting medium many of them started to 
root. After an additional 2 weeks, the total rooting percentage reached 50% on rooting 
medium with 0.01 μM kinetin and 43.3% with 0.1 μM kinetin. This suggested that 
rooting of transgenic shoots could take as long as 3 months, and rooting might be a time 
dependent factor in addition to auxin and PG concentration. The two levels of kinetin 
used here did not cause significant differences in rooting rate. However, transgenic black 
cherry shoots responded more quickly to the rooting medium with 0.01 μM kinetin than 
that with 0.1 μM kinetin. Among the three levels of PG that was tested, 0.793 mM was 
found to be the best (data not shown). It was noticed that certain independent transgenic 
lines were easier to root than others. For example, the transgenic line mdl4-5 was able to 
root in both types of media, while the other mdl4 lines had no root formation which 
indicated that root development may also be affected by the position where transgenes 
integrated into the genome. After acclimatization, the transgenic plantlets tended to show 







3.4b). Plantlets stored at 4 °C in the dark for 4 months and then exposed to a 16-h 




) at 24 ± 2 °C in order to mimic the environment to break 
dormancy, produced plantlets that continued to grow and develop normally (Fig. 3.4c). 
     In conclusion, several factors involved in Agrobacterium-mediated transformation of 
black cherry were evaluated, and the OD600 of Agrobacterium inoculum at 1.0 or 1.5 
combined with a 15 min vacuum infiltration during inoculation and a 3 day co-cultivation 
was found to be the most efficient for black cherry transformation. Compared to our 
previous protocol, the transformation efficiency was increased from 1.2% to 5-21.7% 
depending on the binary vector. PCR and qPCR analysis confirmed the integration of 
transgenes and measured the copy number of the nptII gene in the genome. An improved 
rooting protocol was also developed for transgenic black cherry shoots. The rooting 
efficiency was increased from 37.5% to 50% after 3 months of root induction. Therefore, 
this study enhanced our transformation, regeneration, and rooting of transgenic black 





















No. transgenic shoots 
- 5 20 0.67 ± 0.67b 0.67 ± 0.67b 
- 10 20 1.00 ± 1.00b 3.33 ± 3.33ab 
- 15 20 4.33 ± 0.88a 14.67 ± 4.06a 
30 - 20 0 0 
60 - 20 1.33 ± 0.33ab 1.67 ± 0.67b 
90 - 20 1.33 ± 0.88ab 5.00 ± 4.51ab 
30 5 20 0 0 
30 10 20 0 0 
30 15 20 0.33 ± 0.33b 0.33 ± 0.33b 
60 5 20 0.67 ± 0.33b 3.67 ± 2.03ab 
60 10 20 0 0 
60 15 20 0 0 
90 5 20 0 0 
90 10 20 0 0 
90 15 20 0.67 ± 0.67b 1.00 ± 1.00b 
Each treatment was replicated three times. Mean value ± standard error followed by the 








Table 3.2 Effect of Agrobacterium concentration and co-cultivation duration on 











Agrobacterium concentration (OD600)    
0.5 20 0.33 ± 0.33ab 0.33 ± 0.33a 
1.0 20 1.00 ± 0.00a 1.33 ± 0.33a 
1.5 20 1.00 ± 0.00a 2.67 ± 1.53a 
1.8 20 0.33 ± 0.33ab 2.00 ± 2.00a 
Co-cultivation duration (days)    
3 20 1.00 ± 0.00a 8.67 ± 3.84a 
4 20 0b 0a 
Each treatment was replicated three times. Mean value ± standard error followed by the 



























20 1.0 15 3 21.7a 
pBI121-
PsTFL1 
20 0.5 15 3 1.65bc 
pBI121-
PsTFL1 
20 1.0 15 3 5.00b 
pBI121-
PsTFL1 
20 1.5 15 3 5.00b 
pBI121-
PsTFL1 
20 1.8 15 3 1.65bc 
pBI121-mdl4 20 1.0 15 3 5.00b 
pBI121-mdl4 20 1.0 15 4 0.00d 
Each treatment was replicated three times. Values followed by the same letter were not 









Table 3.4 CT value of the reference gene mdl2 and the target gene nptII for each 
transgenic black cherry line and the estimated copy number of nptII for each line. 
Sample CT(mdl2) CT(nptII) 4’(X0/R0) 
Estimated no. 
copies 
AGRNAi-1 19.52 ± 0.08 29.31 ± 0.36 0.011 ± 0.37 Chimera 
AGRNAi-2 18.80 ± 0.10 22.73 ± 0.11 0.86 ± 0.15 1 
AGRNAi-3 17.60 ± 0.11 21.68 ± 0.11 0.82 ± 0.16 1 
AGRNAi-4 19.60 ± 0.20 19.86 ± 0.04 12.23 ± 0.04 12 
AGRNAi-5 18.89 ± 0.14 20.58 ± 0.10 4.43 ± 0.17 4 
AGRNAi-6 18.78 ± 0.22 21.17 ± 0.19 2.66 ± 0.29 3 
mdl4-1 18.70 ± 0.08 28.80 ± 0.20 0.0093 ± 0.22 Chimera 
mdl4-2 18.74 ± 0.27 26.64 ± 0.13 0.046 ± 0.30 Chimera 
mdl4-3 19.02 ± 0.03 24.85 ± 0.19 0.21 ± 0.19 Chimera 
mdl4-4 17.25 ± 0.14 19.06 ± 0.20 4.44 ± 0.24 4 
mdl4-5 18.02 ± 0.09 19.42 ± 0.12 5.78 ± 0.15 6 
mdl4-6 19.14 ± 0.20 30.26 ± 0.38 0.0043 ± 0.43 Chimera 
PsTFL1-1 18.45 ± 0.27 22.28 ± 0.23 0.94 ± 0.35 1 
PsTFL1-2 19.64 ± 0.08 20.31 ± 0.17 8.98 ± 0.19 9 
PsTFL1-3 20.37 ± 0.03 21.00 ± 0.13 8.88 ± 0.13 9 
PsTFL1-4 18.51 ± 0.11 22.26 ± 0.12 0.99 ± 0.16 1 
PsTFL1-5 17.84 ± 0.11 20.81 ± 0.15 1.83 ± 0.19 2 
PsTFL1-6 19.01 ± 0.07 26.54 ± 0.11 0.060 ± 0.13 Chimera 








Table 3.5 In vitro root formation of transgenic black cherry microshoots. 
NAA + Kinetin (µM) Rooting (%) Mean no. roots Mean root length (cm) 
5.0 + 0.01 30.0 ± 5.8a 3.1 ± 1.1a  4.6 ± 0.9a 
5.0 + 0.1 10.0 ± 0.0b 4.0 ± 1.0a 4.4 ± 1.5a 
Values equal mean ± standard error for 10 shoots per treatment. Means in each 
column followed by the same letter were not significantly different according to 
Tukey’s multiple comparison test (p=0.05). Data were collected after 6 weeks. 









Figure 3.1 Schematic representation of the T-DNA region of the three binary vectors. (a) 
NOS-pro, nopaline synthase promoter; nptII, neomycin phosphotransferase gene; NOS-
ter, nopaline synthase terminator; CaMV 35S-pro, cauliflower mosaic virus 35S promoter; 
PsTFL1, Prunus serotina Terminal Flower 1 gene; 35S-ter, cauliflower mosaic virus 35 S 
terminator, (b) rolC-promoter, rolC promoter of Agrobacterium rhizogenes Ri plasmid; 
mdl4, (R)-(+)-mandelonitrile lyase isoform 4 from black cherry; β-glucuronidase, 
Escherichia coli β-glucuronidase gene (GUS); (c) PsAG, Prunus serotina AGAMOUS 









Figure 3.2 PCR analysis of the integration of transgenes in the genome of transgenic 
black cherry plants. (a) A 364 bp nptII fragment and a 450 bp PsAG gene fragment 
amplified from genomic DNA of six transgenic plants, (b) A 364 bp nptII fragment and a 
1725 bp mdl4 cDNA amplified from genomic DNA of six transgenic plants, (c) A 364 bp 
nptII fragment and a 1515 bp CaMV 35S promoter and PsTFL1 amplified from genomic 
DNA of six transgenic plants. M, 100 bp or 1 kb DNA ladder; Lane 1, no-template 









Figure 3.3 The qPCR relative standard curve of the reference gene, mdl2, and the target 
gene, nptII, obtained by plotting the threshold cycle (CT) value versus the log of each 









Figure 3.4 Rooting and acclimatization of transgenic black cherry shoots. (a) Roots 
developed from the basal end of an in vitro transgenic shoot after 6 weeks, (b) Plantlets 
obtained after acclimatization, (c) Healthy elongating transgenic black cherry plant after 
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CHAPTER 4. AGROBACTERIUM-MEDIATED TRANSFORMATION IN BLACK 
CHERRY FOR FLOWERING CONTROL AND INSECT PEST RESISTANCE 
Abstract 
     Various strategies for gene containment in transgenic plants have been developed. In 
this study, black cherry TERMINAL FLOWER 1 gene (PsTFL1) was overexpressed under 
the control of the CaMV 35S promoter in black cherry via Agrobacterium-mediated 
transformation. It is a homolog of Arabidopsis TFL1 which is known to play a key role in 
regulating flowering time by counteracting with FLOWERING LOCUS T and repressing 
the transcription of the floral-related genes. To enhance insect pest resistance in black 
cherry, the black cherry endogenous genes encoding prunasin hydrolase isoform 3 (PH3) 
and mandelonitrile lyase isoform 4 (MDL4) were inserted into the black cherry genome, 
respectively, under the control of the phloem-specific promoter rolC or the CaMV 35S 
promoter. The two enzymes catalyze the hydrolysis of prunasin to mandelonitrile and the 
dissociation of mandelonitrile to hydrogen cyanide (HCN), respectively, and the 
overexpression of ph3 or mdl4 might accelerate the release of toxic HCN and lead to an 
effective protection from cambial-mining insects. Three independent transgenic lines of 
35S::PsTFL1, three lines of rolC::mdl4-FLAG, two lines of rolC::ph3-FLAG, and eight 







The integration of transgenes and the copy number of neomycin phosphotransferase were 
examined by polymerase chain reaction (PCR) and quantitative PCR (qPCR) analysis. 
The mRNA levels of PsTFL1, mdl4, and ph3 in the transformants were examined by real-
time qPCR (RT-qPCR) and were compared to the wild-type. The expression levels of 
PsTFL1 in the three 35S::PsTFL1 lines were 3.7 to 5.8 -times higher than that of the 
wild-type. The transgenic shoots overexpressing PsTFL1 were successfully rooted and 
acclimatized. However, compared to the wild-type plants, the mRNA level of mdl4 in the 
35S::mdl4-FLAG lines and rolC::mdl4-FLAG lines ranged from 64 to 101% while the 
expression of ph3 in the rolC::ph3-FLAG lines was 73% and 126%, indicating that there 
was no signicant change of mRNA levels of mdl4 or ph3 in these transgenic plants. 
Western blot analysis was carried out using anti-FLAG antibody to detect the FLAG-
tagged PH3 in the transgenic line that had slightly increased mRNA level of ph3, but no 








     Black cherry (Prunus serotina Ehrh.) is the only member in the genus Prunus that is 
of commercial importance as a timber species for cabinetry, furniture, and veneer 
(Marquis 1990). The damage caused by cambial-mining insect pests, such as the peach 
bark beetle (Phloeotribus liminaris), and the lesser and greater peachtree borers 
(Synanthedon pictipes and S. exitiosa, respectively), triggers black cherry to exude gum 
at the site of injury which dramatically decreases yields of high-quality black cherry 
lumber and their value by 90 percent (Barnd and Ginzel 2008). In addition to traditional 
breeding, genetic engineering offers an alternative approach to improve the resistance of 
black cherry to pests with the advantages of avoiding the long juvenile periods and 
enabling the transfer of traits into selected genotypes (Peña and Séguin 2001). 
     Among the many different methods to confer pest resistance, utilizing cyanogenesis in 
black cherry is a novel strategy. Cyanogenesis is considered to be an ancient plant 
defense system that exists in more than 2500 plant species (Møller 2010). Upon tissue 
disruption caused by chewing insects, mix of the cyanogenic glycosides and the 
compartmentalized enzymes catalyzing their degradation leads to liberation of toxic 
hydrogen cyanide (HCN). The first effort to use this natural defense mechanism through 
metabolic engineering was conducted by Tattersall et al. (2001) who transferred the 
entire biosynthetic pathway of the cyanogenic glucoside, dhurrin, from Sorghum bicolor 
to Arabidopsis, and successfully conferred resistance to the flea beetle (Phyllotreta 
nemorum). Black cherry is also one of the cyanogenic plant species. However, the 







as well (Selmar et al. 1989). The latter may be achieved by overexpressing the enzymes, 
β-glucosidase and hydroxynitrile lyase (HNL), involved in cyanogenesis. Siritunga and 
Sayre (2004) overexpressed HNL in cassava, and proved that the elevated level of HNL 
accelerated cyanogenesis. Therefore, it is promising to overexpress the enzymes in black 
cherry for rapid cyanogenesis, and successful protection against herbivores.The two 
enzymes involved in cyanogenesis in leaves of black cherry are prunasin hydrolase (PH) 
and mandelonitrile lyase (MDL). Both of these have multiple isoforms, and have been 
well characterized (Hu and Poulton 1999; Zhou et al. 2002). 
     Furthermore, gene containment must be achieved since transgene flow is an 
environmental concern, and will likely be required by regulatory agencies regarding 
planting of transgenic trees. Various strategies for transgene containment have been 
developed, including chloroplast transformation for maternal inheritance, tissue-specific 
gene excision, approaches that target reproductive structures or seed formation and 
germination, and RNA interference of genes involved in floral initiation and development. 
A large number of genes are found to be involved in the flowering process, and with their 
function fully understood, more and more could be targeted for intervention. TERMINAL 
FLOWER1 (TFL1) has been widely studied in a number of plant species, and is known to 
delay flowering time and suppress the transition from juvenile- to adult-stage through the 
interaction with the bZIP transcription factor FD and transcriptional repression of FD-
dependent floral meristem identity genes (Hanano and Goto 2011).  It has an antagonistic 
activity with FLOWERING LOCUS T (FT), and its level is also regulated by downstream 
genes in the flowering pathway, such as APETALA1 (AP1). TFL1 homologous genes 







domestica), Japanese pear (Pyrus pyrifolia) (Esumi et al. 2005), Populus (Igasaki et al. 
2008; Mohamed et al. 2010), Japanese apricot (Prunus mume Sieb. et Zucc.) (Esumi et al. 
2010), and black cherry (Wang and Pijut 2013). To our knowledge, this is the first study 
to use TFL1 for flowering control in a tree species. 
     Here we describe the development of transgenic black cherry plantlets overexpressing 
the PsTFL1 gene through Agrobacterium-mediated transformation for reproductive 
sterility. We also report the first attemp to overexpress the endogenous genes encoding 
prunasin hydrolase or mandelonitrile lyase in black cherry for insect pest resistance. 
4.2 Materials and Methods 
4.2.1 Plant materials 
     Leaf explants for transformation and regeneration were excised from in vitro shoots of 
a mature elite black cherry genotype (BC3) as described previously (Liu and Pijut 2008; 
2010). In vitro shoot cultures were maintained in Magenta
™
 GA-7 vessels on a modified 
Murashige and Skoog (MS) basal medium (1962) (M499; PhytoTechnology Laboratories, 
Shawnee Mission, KS) with organics (100 mg L
-1
 myoinositol, 0.5 mg L
-1
 nicotinic acid, 
0.5 mg L
-1
 pyridoxine HCl, 0.1 mg L
-1
 thiamine HCl, and 2 mg L
-1
 glycine) 
supplemented with  3% (w/v) sucrose, 4.44 μM 6-benzyladenine (BA), 0.49 μM indole-
3-butyric acid (IBA), 100 mg L
-1
 casein hydrolysate, 0.5 μM gibberellic acid (GA3), and 
0.7% (w/v) Bacto agar (No. 214030; Becton Dickinson, Franklin Lakes, NJ). The pH of 
the medium was adjusted to 5.7 before the addition of agar and autoclaved at 121 °C for 











) and were transferred to fresh medium 
every 3 weeks. 
4.2.2 Binary vectors and Agrobacterium strain 
     The binary vector pBI121 containing cDNA of PsTFL1 under the control of the 
CaMV 35S promoter was used for flowering control in black cherry (Wang and Pijut 
2013) (Fig. 4.1a). The binary vector pBI121 containing cDNA of (R)-(+)-mandelonitrile 
lyase isoform 4 from black cherry (Hu and Poulton 1999) under the control of the CaMV 
35S promoter, and the rolC promoter of Agrobacterium rhizogenes were constructed, 
respectively, for mdl4 overexpression (Fig. 4.1b, c). The binary vector pCAMBIA2301 
containing cDNA of prunasin hydrolase isoform 3 driven by the rolC promoter was used 
to overexpress ph3 in black cherry (Zhou et al. 2002) (Fig. 4.1d). The rolC promoter 
region and cDNA fragment of PsTFL1, mdl4, and ph3 were obtained by polymerase 
chain reaction (PCR) based on the available sequence information (DQ160187; Wang 
and Pijut, unpublished; AF043187; AF221526). The FLAG-tag (DYKDDDDK) was 
added to the C terminus of MDL4 and PH3 by PCR using a 3’ primer containing the 
FLAG sequence before the stop codon. Each construct was introduced into 
Agrobacterium tumefaciens strain EHA105 by heat-shock (Hofgen and Willmitzer 1988) 
and then used for genetic transformation. 
4.2.3 Agrobacterium-mediated transformation and regeneration of adventitious shoots 
     Agrobacterium was inoculated in liquid Luria-Bertani (LB) medium to OD600 of 0.8-
1.0 and then cultured in an induction medium (Gelvin 2006) containing 200 μM 







along the midrib (three to five cuts per explant) and exposed to 25-50 mL of 
Agrobacterium suspension at OD600 of 1.0. Fifteen-min vacuum infiltration (62.5 cm Hg) 
was applied followed by 1 h gentle shaking (50 rpm). Leaf explants were then blotted dry 
and cultured on woody plant medium (WPM) (Lloyd and McCown 1981) with 9.08 μM 
thidiazuron (TDZ), 1.07 μM napthaleneacetic acid (NAA), and 100 μM AS in the dark 
for 3 days. After removing the Agrobacterium by rinsing in the same liquid medium 
containing timentin, explants were cultured on WPM with 9.08 μM TDZ, 1.07 μM NAA, 
200 mg L
-1
 timentin, and 60 μM silver thiosulphate (STS) in the dark for 3 weeks. 
Explants were then exposed to the 16-h light for 3 days and transferred to shoot 
elongation medium [MS medium with 3% (w/v) sucrose, 8.88 μM BA, 0.49 μM IBA, 
0.29 μM GA3, 30 mg L
-1
 kanamycin, and 200 mg L
-1 
timentin] for at least five sub-
cultures (Liu and Pijut 2010; Wang and Pijut, unpublished). Regenerated shoots were 
harvested for molecular characterization and root induction. 
4.2.4 PCR analysis and copy number determination of transgenic plant lines 
     After transformation and regeneration, genomic DNA from leaves of independent 
putative transgenic shoots was isolated using the DNeasy Plant Mini Kit (Qiagen, 
Valencia, CA) and PCR analysis was conducted to confirm the integration of the 
selectable marker gene neomycin phosphotransferase (nptII) and the genes of interest, 
including PsTFL1, mdl4, and ph3, respectively. Each reaction contained the following 
reagents in 50 μL: 1 μL DNA (approximately 20-50 ng), 1 μl 10 μM of each primer 
(Table 4.1), 5 μL 10 x PCR buffer (Clontech, Mountain View, CA), 1 μL dNTP, 1 μL 







final volume. The cycling conditions consisted of a denaturating step at 95 ºC for 3 min, 
30 cycles at 95 ºC for 15 s, annealing for 40 sec, elongation for 30 s - 2 min at 68 ºC, and 
followed by a final extension at 68 ºC for 3 min. The annealing temperature was 
determined based on the Tm value of the respective primers. After electrophoresis in 1% 
(w/v) agarose gels, PCR products were visualized under UV light. 
     Transgene copy number of nptII was determined by quantitative PCR (qPCR) (Weng 
et al. 2004). Primers nptIIq-F and R were designed to amplify a 100 bp fragment of nptII 
from genomic DNA. Mandelonitrile lyase isoform 2 (mdl2) was selected as a single-copy 
endogenous reference gene confirmed by Hu and Poulton (1999) using Southern blot 
analysis, and was amplified with the primers mdl2q-F and R. The qPCR was performed 
with the Stratagene Mx3000P. Each reaction contained the following reagents in 20 μL: 2 
μL DNA (approximately 50 ng), 2 μL 10 μM of each primer, 10 μL Brilliant SYBR 
Green QPCR Master Mix (Agilent Technologies, Santa Clara, CA), and sterile water was 
added to make final volume. The cycling conditions consisted of DNA polymerase 
activation at 95 ºC for 10 min, 40 cycles at 95 ºC for 15 s and 60 ºC for 1 min, and 
followed by a melting curve analysis from 55 to 95 ºC. Each sample was replicated three 
times and the relative standard curve of the serial dilution of genomic DNA for both 
target and reference genes were constructed. Gene copy number of nptII in the 16 
independent lines was analyzed following the calculation reported by Weng et al. (2004). 
4.2.5 Expression analysis of target genes in transgenic black cherry  
     The relative expression of PsTFL1, mdl4, and ph3 in the transgenic black cherry lines 







was investigated by real-time qPCR (RT-qPCR). Total RNA was extracted from the 
leaves of the wild-type and transgenic shoots using the RNeasy Plant Mini Kit (Qiagen). 
Genomic DNA was removed by using the DNA-free DNase Treatment and Removal Kit 
(Life Technologies, Grand Island, NY), and the first-strand cDNA was synthesized with 
AccuScript High-Fidelity cDNA Synthesis Kit (Agilent Technologies). Actin in black 
cherry was used as a reference gene to normalize the data. Each reaction contained the 
following reagents in 20 μL: 5 μL cDNA, 2 μL 10 μM of each primer, 10 μL Brilliant 
SYBR Green QPCR Master Mix (Agilent Technologies), and sterile water was added to 
make the final volume. The cycling conditions consisted of DNA polymerase activation 
at 95 ºC for 10 min, 40 cycles at 95 ºC for 15 s, 58 ºC for 30 s, and 72 ºC for 1 min, and 
followed by a melting curve analysis from 55 to 95 ºC and was performed with the 
Strategene Mx3000P. Each sample was replicated three times. The relative expression 
levels were calculated using the delta-delta-Ct method with efficiency correction (Pfaffl 
2001). Data were analyzed by Student’s t-test at  = 0.05. 
4.2.6 Protein isolation and western blot analysis 
Approximately 100 mg leaf and stem tissues of the wild-type, rolC::ph3-FLAG-1, and 
rolC::ph3-FLAG-2 were harvested for protein extraction with the Plant Total Protein 
Extraction Kit (Sigma-Aldrich, St. Louis, MO). Total proteins were separated on a 12.5% 
SDS-PAGE gel and examined by immunoblotting using anti-FLAG antibody (Sigma).  
4.2.7 Rooting and acclimatization of transgenic shoots 
     The three transgenic lines that showed increased expression of PsTFL1 were 







and rooted on half-strength MS medium supplemented with 5 μM NAA, 0.01 μM kinetin, 
0.793 μM phloroglucinol (PG), 2% (w/v) sucrose, and 0.7% Bacto agar with 5 days in the 
dark chamber before exposure to a 16-h photoperiod. The rooted transgenic plants were 
rinsed in distilled water to remove residual agar and transferred to 10-cm x 9-cm
 
plastic 
pots containing a moist, autoclaved potting mix (Fafard Growing Mix, Agawam, MA) 
that contained 63-73% Canadian sphagnum peat moss, perlite, vermiculite, and dolomite 
lime. Rooted plantlets were maintained in closed 3.8 L zip-lock plastic bags to maintain a 





), with four holes punched below the zip-lock for gas exchange. Plantlets 
were watered as needed and gradually acclimatized (opening of the bags) over a period of 
2 weeks. 
4.3 Results and Discussion 
4.3.1 Confirmation of transgene integration and copy number determination 
     Three putative transgenic lines of 35S::PsTFL1, eight lines of 35S::mdl4-FLAG, three 
lines of rolC::mdl4-Flag, and two lines of rolC::ph3-FLAG were obtained. Genomic 
DNA was extracted from the wild-type and each independent line, and PCR analysis was 
conducted to confirm the presence of the transgenes. The fragments of nptII and cDNA 
of PsTFL1, mdl4, or ph3 were amplified from the genomic DNA, but not from the wild-
type plant (Fig. 4.3), indicating the presence of both the selectable marker gene and the 
target gene in the black cherry genome. 
     The copy number of nptII in the 16 transgenic lines was determined by qPCR (Table 







(Fig. 4.4). The three transgenic lines of 35S::PsTFL1 contained two or three copies of 
nptII, while the transgene copy number in the 13 lines of mdl4-FLAG and ph3-FLAG 
ranged from four to seven. The average copy number in the group of mdl4-FLAG and 
ph3-FLAG lines were higher than those in PsTFL1 lines. Low transgene copy number, 
especially a single copy of the transgene is desirable, as it was thought to have more 
stable gene expression than multicopy transgene inserts because the latter was more 
likely to induce gene silencing (Stam et al. 1997). In this study, the exact same 
transformation conditions, such as the duration of vacuum infiltration, concentration of 
Agrobacterium inoculum, and co-cultivation duration, were applied during the 
transformation process with different binary vectors. Although the concentration of 
Agrobacterium inoculum was the same, a higher volume in replicates may have caused 
the increased quantity of virulent Agrobacterium cells which might have resulted in a 
higher number of transgene copies.  
4.3.2 Expression analysis of target genes in transgenic black cherry shoots 
     The expression levels of PsTFL1, mdl4, and ph3 in the leaves of the independent 
transgenic lines were quantified by RT-qPCR and were compared with that of the wild-
type. The relative PsTFL1 mRNA levels of three independent lines were 3.7-, 5.1-, and 
5.8-times higher than that of the wild-type (Fig. 4.5). In this study, the black cherry 
cDNA fragment of TFL1, mdl4, or ph3 was introduced into its own genome respectively. 
This could cause the cosuppression of transgene and endogenous gene if there was a 
multicopy transgene locus, as the transgene sequence was fully homologous with its 







PsTFL1 in the three transgenic lines were significantly higher than that in the non-
transgenic control, even though there were multiple copies of transgenes integrated in the 
genome. This could be a result of multiple copies inserted into different loci, and the 
chromosomal regions that the transgenes integrated were not heavily methylated, so that 
the transgene expression was not silenced. 
      However, transgene overexpression was not observed in the transgenic lines 
35S::mdl4-FLAG, rolC::mdl4-FLAG, and rolC::ph3-FLAG. Among the 13 transgenic 
lines, only rolC::ph3-FLAG-2 showed slightly higher (126%) mRNA level of ph3 than 
the wild-type. The 35S::mdl4-FLAG-7 had equivelant expression level (101%) of mdl4 
compared to the wild-type. The expression levels in the rest of the 11 lines were lower 
(64-79%) than the wild-type (Fig. 4.6). There was no statistically significant difference of 
mdl4 or ph3 mRNA levels between the wild-type and transgenic plants. It was interesting 
that overexpression of the PsTFL1 gene could be easily obtained, whereas all of the 
mdl4-FLAG and ph3-FLAG lines had no significant change of mdl4 or ph3 mRNA level. 
To study if there is a correlation between transgene copy number and expression level of 
the target gene, transgene copy number and mdl4 mRNA levels in the eight 35S::mdl4-
FLAG lines were plotted as x-y pairs. The higher copy number did not result in lower 
expression level (Fig. 4.7). Interestingly, a higher proportion of transformants with low 
expression level of target gene was observed when the CaMV 35S promoter was used. 
Dutt et al. (2012) compared four phloem-specific promoters including the rolC promoter 
and used the 35S promoter as a control. The expression level of the β-glucuronidase 
(GUS) gene driven by the 35S promoter was found to be higher than that driven by the 







suggest that stronger promoter such as the CaMV 35S might trigger lower transgene 
expression level compared to the rolC promoter. This was consistent with the findings 
that there was a positive correlation between the silencing frequency and promoter 
strength (Que et al. 1997). 
     PsTFL1 was a single-copy gene in the genome of black cherry (Wang and Pijut 2013), 
while both mdl4 and ph3 have many isoforms that share a high level of similarity in their 
gene sequences even though the expression levels of each isform in different tissues was 
different (Hu and Poulton 1999; Zhou et al. 2002). The differences in the nature of 
coding regions between PsTFL1 and mdl4/ph3 might have played an important role in 
their overexpression levels. Furthermore, the tissue level compartmentation and restricted 
subcellular localization of the two enzymes were found which contributed to the 
prevention of large-scale cyanogenesis in undamaged black cherry tissues (Poulton and 
Li 1994, Swain and Poulton 1994). Zheng and Poulton (1995) reported that MDL 
expression may be under transcriptional control in black cherry seeds during fruit 
maturation. Taken together, it was possible that there was also tight regulation of the two 
enzymes at the post-transcriptional level because self-protection from large-scale 
cyanogenesis in intact cells is essential. To achieve significantly increased expression of 
these two genes, chloroplast transformation might be a good solution, but this requires 
the chloroplast genome sequence information which was currently not available in black 
cherry (Hasunuma et al. 2009; Clarke and Daniell 2011). Therefore, more applicable 
approaches would be to reduce transgene copy number by using low selective pressure, 
and at the mean time, to incorporate genes from other species that encode enzymes 







concentration of antibiotics could result in the regeneration of plants that contain higher 
transgene copy numbers (Dalton et al. 1995), and decreased level of homology in 
nucleotide sequences might avoid post-transcriptional gene regulation (Schubert et al. 
2004). Another possible reason for the insignificant change of target gene mRNA level 
might be that the target genes were not expressed at all, which might result from the 
highly methylated integration region. 
     Since the expression level of ph3 in the line rolC::ph3-FLAG-2 was higher than that 
of the wild-type plant, western blot analysis was conducted to detect the presence of 
PH3-FLAG in the leaf or stem total protein sample. The total proteins from the wild-type 
and rolC::ph3-FLAG-1 with lower ph3 mRNA level were used as controls. But, at the 55-
kDa region where PH3 was supposed to be present, no band was detected using the anti-
FLAG antibody (Fig. 4.8). This suggested that the slight increase of ph3 mRNA did not 
result from the transcription of transgene, but from its endogenous ph3, or it could be that 
the ph3-FLAG transcripts were not translated into protein. 
4.3.3 Rooting and acclimatization of 35S::PsTFL1 lines 
     After micropropagation, the transgenic shoots of three 35S::PsTFL1 lines were 
transferred to rooting medium and treated for 5 days in darkness for root induction. 
Usually, transgenic black cherry shoots were often difficult and slow to root (Liu and 
Pijut 2010). Surprisingly, roots formed quickly from these transgenic lines and all shoots 
started to root in 3 weeks. After acclimatization, the plantlets appeared normal and 








     Three independent transgenic black cherry lines overexpressing PsTFL1 were 
obtained using the improved protocol for Agrobacterium-mediated transformation (Wang 
and Pijut, unpublished). The presence of transgenes and the transgene copy number was 
investigated by PCR and qPCR analysis. The transgenic shoots were successfully rooted 
and acclimatized using the improved rooting protocol. This work of using endogenous 
TFL1 for reproductive sterility in black cherry provided useful materials for studying 
gene functions in the genomic background of tree species. Further evaluation of the 
expression of floral-related genes in these transgenic lines may give us a better 
understanding of the molecular mechanisms underlying flower initiation and vegetative-
to-reproductive transition in trees. Although the approach of overexpressing endogenous 
mdl4 or ph3 in black cherry for pest resistance was not successful, it provided useful 








Table 4.1 Primers used in this study. 
Name Primer Sequence (5’ to 3’) Purpose 
nptII-F AAT ATC ACG GGT AGC CAA CG  PCR analysis 
nptII-R TGC TCC TGC CGA GAA AGT AT 
   
PsTFL1-F ATG TGA GTT AGC TCA CTC ATT AGG C PCR analysis 
PsTFL1-R CTA GCG TCT TCT AGC TGC TGT TTC TCT 
CTG 
   
mdl4-F AAG GTA CCC GGG ATG GAG AAA TCA 
ACA ATG TCA GCT GTA GTA TTG GTG TTG 
AAC CTT TTG GTC CTT CAT CTT CAA TAT 
TCA GAG GTT CAC TCG CTT GCC AAT ACT 
TCT TCT GAG 
PCR analysis 
mdl4-R AAG CGG CCG CTT ACT TGT CGT CAT CGT 
CTT TGT AGT CAA AAG CAA AGG ATA ATG 
CTG ACT TCA GGG AAT CCA TA 
   
ph3-F AAC CGC GGA TGG CAA TGC AGT TAG GCT 
CTT TGT GTG CGA TGC TTC TTA TTG GCT 
TTG CAT TGA G 
PCR analysis 
ph3-R AAC TGC AGT CAC TTG TCG TCG TCG TCC 
TTG TAA TCC ATA ATT TCA TAC CCA GCT 
TTG GTG TCC CTA GCA TTA TCG TCC ACA 
CGT AC 
   
nptIIq-F TTG CTC CTG CCG AGA AAG TAT CCA Copy number detection 
nptIIq-R CGA TGT TTC GCT TGG TGG TCG AAT 
   
mdl2q-F GTG AAA TCA ACA ATG TCA GCT ATA CTA 
GTA 
Copy number detection 
mdl2q-R GCA GAG GTA TTG GCA AGC GAT 
   
PsActin-F CCC TGG ACT ATG AGC AAG AAC Reference gene for 
expression analysis  PsActin-R CAA TGA GTG ATG GTT GGA AGA G 
   
PsTFL1q-F GCCTCTGGTTGTTGGGAGAG Expression analysis of 
PsTFL1 PsTFL1q-R GATAGAGCTCATATCCATTGCAGAC 
   
mdl4q-F CTC TAC ATT CCC TGC CAC AC Expression analysis of mdl4 








Table 4.1 Continued. 
ph3q-F TCC ACC CTC TCA TTG TCC AGT Expression analysis of ph3 








Table 4.2 CT value of the reference gene mdl2 and the target gene nptII for each 
transgenic line and the estimated copy number of nptII for each line. 




35S::PsTFL1-1 18.69 ± 0.11 18.98 ± 0.27 2.22 ± 0.29 2 
35S::PsTFL1-2 20.99 ± 0.37 21.09 ± 0.19 2.02 ± 0.42 2 
35S::PsTFL1-3 20.74 ± 0.18 20.33 ± 0.14 2.88 ± 0.23 3 
35S::mdl4-FLAG-1 18.65 ± 0.25 17.55 ± 0.15 4.87 ± 0.29 5 
35S::mdl4-FLAG-2 19.72 ± 0.32 18.51 ± 0.23 5.50 ± 0.40 6 
35S::mdl4-FLAG-3 19.47 ± 0.21 18.67 ± 0.14 4.12 ± 0.25 4 
35S::mdl4-FLAG-4 19.47 ± 0.20 18.20 ± 0.10 5.67 ± 0.23 6 
35S::mdl4-FLAG-5 19.35 ± 0.05 18.42 ± 0.10 4.49 ± 0.12 4 
35S::mdl4-FLAG-6 18.17 ± 0.15 17.15 ± 0.01 4.52 ± 0.15 5 
35S::mdl4-FLAG-7 19.83 ± 0.07 18.59 ± 0.55 5.63 ±0.55 6 
35S::mdl4-FLAG-8 18.53 ± 0.08 17.91 ± 0.16 3.52 ± 0.18 4 
rolC::mdl4-FLAG-1 18.99 ± 0.20 18.33 ± 0.03 3.71 ± 0.20 4 
rolC::mdl4-FLAG-2 18.64 ± 0.14 17.70 ± 0.22 4.40 ± 0.26 4 
rolC::mdl4-FLAG-3 19.05 ± 0.04 18.06 ± 0.12 4.63 ± 0.12 5 
rolC::ph3-FLAG-1 19.75 ± 0.12 18.18 ± 0.13 7.0 ± 0.17 7 
rolC::ph3-FLAG-2 18.01 ± 0.15 17.03 ± 0.16 4.40 ± 0.22 4 









Figure 4.1 Schematic representation of the T-DNA region of the four binary vectors. (a) 
pBI121 (35S-PsTFL1), (b) pBI121 (35S-mdl4-FLAG), (c) pBI121 (rolC-mdl4-FLAG), 
and (d) pCAMBIA2301 (rolC-ph3-FLAG). NOS-pro, nopaline synthase promoter; nptII, 
neomycin phosphotransferase gene; NOS-ter, nopaline synthase terminator; CaMV 35S-
pro, cauliflower mosaic virus 35S transcript promoter; PsTFL1, Prunus serotina 
Terminal Flower 1 gene; 35S-ter, cauliflower mosaic virus 35 S terminator; mdl4-FLAG, 
FLAG tagged mandelonitrile lyase isoform 4; ph3-FLAG, FLAG tagged prunasin 









Figure 4.2 PCR analysis of the integration of transgenes in the genome of black cherry 
plants. (a) 364 bp nptII fragment amplified from genomic DNA of transgenic plants, (b) 
537 bp PsTFL1 cDNA amplified from genomic DNA of transgenic plants. M, 100 bp 










Figure 4.3 PCR analysis of the integration of transgenes in the genome of black cherry 
plants. (a) 364 bp nptII fragment amplified from genomic DNA of transgenic plants, (b) 
1774 bp mdl4 cDNA amplified from genomic DNA of transgenic plants, (c) 1660 bp ph3 
cDNA amplified from genomic DNA of transgenic plants. M, 100 bp DNA ladder; WT, 
the wild-type; #1-8, eight transgenic lines of 35S:mdl4-FLAG; #9-11, three transgenic 
lines of rolC:mdl4-FLAG; #12-13, two transgenic lines of rolC:ph3-FLAG; +, positive 









Figure 4.4 qPCR relative standard curve of the reference gene, mdl2, and the target gene, 
nptII, obtained by plotting the threshold cycle (CT) value versus the log of each initial 









Figure 4.5 The relative expression levels of PsTFL1 in each transgenic plant compared to 
the wild-type. Actin in black cherry was used as a reference gene. Each sample was 
replicated three times with one biological replicate. Error bars represent standard 
deviation. The asterisk (*) indicates statistically significant differences between the wild-









Figure 4.6 The relative expression levels of mdl4 or ph3 in each transgenic plant 
compared to the wild-type. Actin in black cherry was used as a reference gene. Each 
sample was replicated three times with one biological replicate. Error bars represent 









Figure 4.7 Regression analysis between the mRNA level of mdl4 and transgene copy 









Figure 4.8 Western blot assay conducted with total proteins isolated from the stem and 
leaf tissue of the transgenic line rolC::ph3-FLAG-1, rolC::ph3-FLAG-2, and the wild-









Figure 4.9 Rooting and acclimatization of transgenic black cherry overexpressing 
PsTFL1. (a) Roots developed from the basal end of an in vitro transgenic shoot after 1 
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